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Homo sapiens3DOHRDQWKURSRORJ\)LQLWHHOHPHQW
DQDO\VLV9LUWXDODQWKURSRORJ\
 


$EVWUDFW
0RGHUQKXPDQVKDYHVPDOOHUIDFHVUHODWLYHWR0LGGOHDQG/DWH3OHLVWRFHQHPHPEHUVRIWKH
JHQXVHomo:KLOHIDFLDOUHGXFWLRQDQGGLIIHUHQFHVLQVKDSHKDYHEHHQVKRZQWRLQFUHDVH
ELWLQJHIILFLHQF\LQHomo sapiensUHODWLYHWRWKHVHKRPLQLQVIDFLDOVL]HUHGXFWLRQKDVDOVR
EHHQVDLGWRGHFUHDVHRXUDELOLW\WRUHVLVWPDVWLFDWRU\ORDGV7KLVVWXG\FRPSDUHVFUDQLDRI
Homo heidelbergensisDQGH. sapiensZLWKUHVSHFWWRPHFKDQLFDODGYDQWDJHVRIPDVWLFDWRU\
PXVFOHVIRUFHSURGXFWLRQHIILFLHQF\VWUDLQVH[SHULHQFHGE\WKHFUDQLXPDQGPRGHVRI
GHIRUPDWLRQGXULQJVLPXODWHGELWLQJ$QDO\VHVXWLOL]H;UD\FRPSXWHGWRPRJUDSK\&7
VFDQEDVHG'PRGHOVRIDUHFHQWPRGHUQKXPDQDQGWZRH. heidelbergensis:KLOHKDYLQJ
PXVFOHVRIVLPLODUFURVVVHFWLRQDODUHDWRH. heidelbergensisRXUUHVXOWVFRQILUPWKDWWKH
PRGHUQKXPDQPDVWLFDWRU\V\VWHPLVPRUHHIILFLHQWDWFRQYHUWLQJPXVFOHIRUFHVLQWRELWH
IRUFHV7KXVLWFDQSURGXFHKLJKHUELWHIRUFHVWKDQ%URNHQ+LOOIRUHTXDOPXVFOHLQSXWIRUFHV
7KLVGLIIHUHQFHLVWKHUHVXOWRIDOWHUDWLRQVLQUHODWLYHLQDQGRXWOHYHUDUPOHQJWKVDVVRFLDWHG
ZLWKZHOONQRZQGLIIHUHQFHVLQPLGIDFLDOSURJQDWKLVP$SSDUHQWO\DWRGGVZLWKWKLV
LQFUHDVHGHIILFLHQF\LVWKHILQGLQJWKDWWKHPRGHUQKXPDQFUDQLXPGHIRUPVPRUHUHVXOWLQJLQ
JUHDWHUVWUDLQPDJQLWXGHVWKDQ%URNHQ+LOOZKHQELWLQJDWWKHHTXLYDOHQWWRRWK+HQFHWKH
IDFLDOUHGXFWLRQWKDWFKDUDFWHUL]HVPRGHUQKXPDQVPD\QRWKDYHHYROYHGDVDUHVXOWRI
VHOHFWLRQIRUIRUFHSURGXFWLRQHIILFLHQF\7KHVHILQGLQJVSURYLGHIXUWKHUHYLGHQFHIRUD
GHJUHHRIXQFRXSOLQJEHWZHHQIRUPDQGIXQFWLRQLQWKHPDVWLFDWRU\V\VWHPRIPRGHUQ
KXPDQV7KLVPD\UHIOHFWWKHLPSDFWRIIRRGSUHSDUDWLRQWHFKQRORJLHV7KHVHGDWDDOVR
VXSSRUWSUHYLRXVVXJJHVWLRQVWKDWGLIIHUHQFHVLQELWHIRUFHSURGXFWLRQHIILFLHQF\FDQEH
FRQVLGHUHGDVSDQGUHOSULPDULO\GULYHQE\WKHPLGIDFLDOUHGXFWLRQLQH. sapiens WKDWRFFXUUHG
IRURWKHUUHDVRQV0LGIDFLDOUHGXFWLRQSODXVLEO\UHVXOWHGLQDQXPEHURIRWKHUVLJQLILFDQW
FKDQJHVLQPRUSKRORJ\VXFKDVWKHGHYHORSPHQWRIDFKLQZKLFKKDVLWVHOIEHHQWKHVXEMHFW
RIGHEDWHDVWRZKHWKHURUQRWLWUHSUHVHQWVDPHFKDQLFDODGDSWDWLRQRUDVSDQGUHO


,QWURGXFWLRQ
7KH0LGGOH3OHLVWRFHQHH[WLQFWVSHFLHVHomo heidelbergensisKDVEHHQSURSRVHGDVWKH
DQFHVWUDOVSHFLHVRIHomo sapiensDQGHomo neanderthalensis6WULQJHU5LJKWPLUH
6WULQJHUEXWVHH%UlXHU6WULQJHU0H\HUHWDO&UDQLD
LQFOXGHGLQWKHK\SRGLJPRIH. heidelbergensisKDYHDORQJEXWORZFUDQLDOYDXOWZLWKDPHDQ
FUDQLDOFDSDFLW\RIFP6FKZDUW]DQG7DWWHUVDOO/LHEHUPDQ7KHIDFHLV
YHU\ODUJH5LJKWPLUH)UHLGOLQHHWDODQGSUHVHQWVDQH[WUHPHO\HQODUJHG
GRXEOHDUFKHGEURZULGJHWKDWRYHUKDQJVµVTXDUH¶RUELWVWKDWVORSHLQIHULRUO\DQGODWHUDOO\DW
WKHLQIHULRUPDUJLQV6FKZDUW]DQG7DWWHUVDOO7KHVXEQDVDOUHJLRQLVSURJQDWKLFDQG
VLJQLILFDQWO\WDOOHUWKDQWKDWRIH. sapiens7KHPD[LOODU\URRWRIWKH]\JRPDWLFDUFKLVXVXDOO\
ORFDWHGDERYHWKHILUVWRUVHFRQGPRODU6FKZDUW]DQG7DWWHUVDOO/LHEHUPDQ
XQOLNHLQ1HDQGHUWKDOV7ULQNDXVD DQGLQODUJHLQGLYLGXDOVWKHLQIUDRUELWDOUHJLRQ
ODFNVWKHFRQFDYHFDQLQHIRVVDFKDUDFWHULVWLFRIH. sapiens)UHLGOLQHHWDO
6WUXFWXUDOO\WKHVHDQDWRPLFDOIHDWXUHVRIIRVVLOVDWWULEXWHGWRH. heidelbergensisDUHQRW
PDUNHGO\GLIIHUHQWIURPWKRVHIRXQGLQ1HDQGHUWKDOV/LHEHUPDQ7KLVKDVUHVXOWHGLQ
VRPHVSHFLPHQVRIH. heidelbergensisHJ%URNHQ+LOODOVRNQRZQDV.DEZHKDYLQJ
EHHQFRQVLGHUHGDV1HDQGHUWKDOLQWKHSDVW7DSSHQ,WVKRXOGEHQRWHGWKDWPDWHULDO
DWWULEXWHGWRH. heidelbergensisVOLQFOXGHVIRVVLOVIURP$IULFDDQG(XURSH$VVXFKLWKDV
EHHQDUJXHGWKDWWKH\PD\LQIDFWUHSUHVHQWGLIIHUHQWSRSXODWLRQVZLWKLQDPRUHFRPSOH[
UHWLFXODWHGKXPDQHYROXWLRQDU\KLVWRU\WKDQSUHYLRXVO\WKRXJKW+XEOLQHWDO7KXVLW
KDVEHHQSURSRVHGWKDW$IULFDQVSHFLPHQVPD\EHLQFOXGHGLQWRDGLVWLQFWVSHFLHVHomo 
rhodesiensisZLWK(XURSHDQVSHFLPHQVEHLQJDVVLJQHGWRH. heidelbergensisIRUDUHYLHZ
VHH6WULQJHU
7KHPRUHJUDFLOHPRGHUQKXPDQFUDQLXPGLIIHUVIURPWKRVHRIH. heidelbergensisDQGH. 
neanderthalensisLQVHYHUDOZD\V:KHQFRPSDUHGWRH. heidelbergensisDQG1HDQGHUWKDOV
H.sapiensKDVDQHQODUJHGUHODWLYHWRH. heidelbergensisQRW1HDQGHUWKDOVPRUHJOREXODU


FUDQLDOYDXOWZLWKDPHDQFUDQLDOFDSDFLW\RIFP/LHEHUPDQDQGDVPDOO
JUDFLOHDQGRUWKRJQDWKLFIDFHZLWKUHGXFHGLQWHURUELWDOVSDFHWKDWLVUHWUDFWHGXQGHUWKH
DQWHULRUFUDQLDOIRVVD(QORZDQG0F1DPDUD(QORZDQG+DQV/LHEHUPDQHWDO
7ULQNDXV/LHEHUPDQ7KLVIDFLDOUHGXFWLRQLQH. sapiens LVDVVRFLDWHG
ZLWKWKHSUHVHQFHRIDFDQLQHIRVVDDVKRUWRURSKDU\Q[PRUHUHFWDQJXODURUELWDOFDYLWLHVDQG
DFKLQ(QORZDQG0F1DPDUD(QORZDQG+DQV/LHEHUPDQHWDO
7ULQNDXV/LHEHUPDQ$GGLWLRQDOO\UHFHQWH. sapiens LVVDLG WRKDYH JHQHUDOO\
UHGXFHGPDVWLFDWRU\PXVFOHFURVVVHFWLRQDODUHDVUHODWLYHWRH. neanderthalensisEDVHGRQ
DVVHVVPHQWRIERQ\SUR[LHV$QWyQ2¶&RQQRUHWDO&RQYHUVHO\2¶&RQQRUHW
DOHVWLPDWHGJHQHUDOO\FRPSDUDEOHPXVFOHFURVVVHFWLRQDODUHDVLQ3OHLVWRFHQHDQG
UHFHQWUREXVWPRGHUQKXPDQVUHODWLYHWR1HDQGHUWKDOV:KHQFRPSDUHGWRH. 
heidelbergensis(QJHWDOHVWLPDWHGVOLJKWO\ODUJHUPHDQWHPSRUDOLVDQGPDVVHWHU
PXVFOHVEXWVPDOOHUPHGLDOSWHU\JRLGVLQH. sapiens7KHVHGLVFUHSDQFLHVUHIOHFWQRWRQO\
GLIIHUHQFHVEHWZHHQSRSXODWLRQVEXWDOVRWKHVLJQLILFDQWHUURUVLQKHUHQWLQHVWLPDWLRQRI
PXVFOHFURVVVHFWLRQDODUHDVIURPERQ\SUR[LHVLQKXPDQV7RUR,EDFDFKHHWDO
7KLVWUDGLWLRQDOO\SURSRVHGJHQHUDOJUDFLOL]DWLRQRIWKHFUDQLRIDFLDOFRPSOH[EDVHGRQ
VDPSOHVRIPRUHJUDFLOHPRGHUQKXPDQVOHGWRWKHYLHZWKDWPRGHUQKXPDQVSURGXFHORZHU
ELWHIRUFHVDQGDUHOHVVDEOHWRZLWKVWDQGPDVWLFDWRU\VWUDLQVWKDQRWKHUKRPLQLQV/LHEHUPDQ
=LQNDQG/LHEHUPDQ)HZVWXGLHVKDYHFRPSDUHGWKHELWLQJSHUIRUPDQFHRIH. 
heidelbergensisDQGH. sapiensEXWH. heidelbergensisKDVEHHQVKRZQWRKDYHDPDVWLFDWRU\
V\VWHPWKDWLVOHVVPHFKDQLFDOO\DGYDQWDJHRXV6SHQFHUDQG'HPHV(QJHWDO
'HVSLWHWKLVLWKDVEHHQSURSRVHGWKDWUHODWLYHWRUHFHQWPRGHUQKXPDQVH. heidelbergensis
FRXOGJHQHUDWHVOLJKWO\KLJKHUELWHIRUFHVDEVROXWHO\DQGUHODWLYHWRFURZQDUHDDWWKHILUVW
PRODUDQGVOLJKWO\ORZHUELWHIRUFHVDWWKHILUVWLQFLVRU/LHEHUPDQ&RQYHUVHO\(QJ


HWDOHVWLPDWHGFOHDUO\KLJKHUELWHIRUFHVDWWKHVHFRQGPRODULQ3OHLVWRFHQHDQGUHFHQW
PRGHUQKXPDQVWKDQLQH. heidelbergensisDEVROXWHO\DQGUHODWLYHWRRFFOXVDODUHD
6HYHUDOVWXGLHVKDYHLQYHVWLJDWHGWKHPDVWLFDWRU\ELRPHFKDQLFVRIH. neanderthalensis
5DN'HPHV7ULQNDXVD'HPHVDQG&UHHO$QWyQ6SHQFHU
DQG'HPHV$QWyQ2¶&RQQRUHWDO&OHPHQWHWDO,WKDVEHHQ
SURSRVHGWKDW1HDQGHUWKDOVZHUHDGDSWHGWRJHQHUDWHDQGZLWKVWDQGKLJKDQGRUUHSHWLWLYH
RFFOXVDOORDGVDWWKHDQWHULRUGHQWLWLRQWKHDQWHULRUGHQWDOORDGLQJK\SRWKHVLV5DN
'HPHVDQG&UHHO7KLVKDVVXSSRUWHGWKHQRWLRQWKDWH. sapiensLVOHVVDGDSWHGWR
JHQHUDWHDQGZLWKVWDQGKLJKDQWHULRUELWHIRUFHV+RZHYHUVHYHUDOVWXGLHVKDYHIRXQGWKDWH. 
sapiensLVUHODWLYHO\PRUHHIILFLHQWDWJHQHUDWLQJELWHIRUFHVWKDQ1HDQGHUWKDOV$QWyQ
6SHQFHUDQG'HPHV2¶&RQQRUHWDO/LHEHUPDQ7KLVLVEHFDXVHH. 
sapiensKDVJUHDWHUPXVFOHPHFKDQLFDODGYDQWDJHVGXHWRLWVUHWUDFWHGDQGVKRUWHUIDFHDQG
WKHPRUHDQWHULRUO\SRVLWLRQHGPDVWLFDWRU\PXVFOHV7ULQNDXVD$QWyQ
2¶&RQQRUHWDO:URHHWDO/LHEHUPDQ(QJHWDO/HGRJDUHWDO
D0RGHUQKXPDQVDUHWKRXJKWWRSRVVHVVPDVWLFDWRU\PXVFOHVWKDWDUHJHQHUDOO\
VPDOOHULQUHFHQWJUDFLOHVSHFLPHQV$QWyQ2¶&RQQRUHWDORUFRPSDUDEOHLQ
FURVVVHFWLRQDODUHDWR3OHLVWRFHQHDQGUHFHQWUREXVWVSHFLPHQV2¶&RQQRUHWDO(QJ
HWDODQGWKHUHIRUHPXVFOHIRUFHV$VVXFKDQGZKHQFRQVLGHULQJGLIIHUHQFHVLQELWLQJ
OHYHUDJHELWHIRUFHVHVWLPDWHGIRUPRGHUQKXPDQVDUHFRPSDUDEOHWRLQ3OHLVWRFHQHDQG
UHFHQWUREXVWVSHFLPHQV2¶&RQQRUHWDO(QJHWDORUKLJKHUWKDQLQUHFHQW
VSHFLPHQV$QWyQ6SHQFHUDQG'HPHV(QJHWDOWKRVHFDOFXODWHGIRU
1HDQGHUWKDOV
:KLOHWKHUHLVVRPHGHEDWHDERXWWKHELWHIRUFHSURGXFWLRQFDSDELOLW\RIWKHVHVSHFLHVLW
VHHPVWKDWH. sapiensLVQRWZHOODGDSWHGWRZLWKVWDQGPDVWLFDWRU\IRUFHVZKHQFRPSDUHGWR
H. heidelbergensis. 7KXVWKHODUJHUIDFHRIWKHODWWHUKDVEHHQSURSRVHGWRUHVLVWPDVWLFDWRU\


VWUHVVHVDQGVWUDLQVEHWWHUWKDQH. sapiens/LHEHUPDQ/LNHZLVH1HDQGHUWKDOVKDYH
EHHQVDLGWREHEHWWHUDGDSWHGIRUUHVLVWLQJELWLQJORDGVWKDQH. sapiensHVSHFLDOO\GXULQJ
DQWHULRUGHQWDOORDGLQJ7KLVLVEHFDXVH1HDQGHUWKDOVSUHVHQWDWDOOHUPRUHLQIODWHGDQGPRUH
SDUDVDJLWDOO\RULHQWDWHGLQIUDRUELWDOUHJLRQWKDWODFNVDFDQLQHIRVVDDQGODUJHDQWHULRUWHHWK
ZKLOHPRGHUQKXPDQVKDYHVKRUWHUIDFLDOKHLJKWDFRURQDOO\RULHQWDWHGLQIUDRUELWDOUHJLRQD
FDQLQHIRVVDDQGVPDOOHUDQWHULRUWHHWK5DN'HPHV/LHEHUPDQ
7KHDERYHVWXGLHVFRPSDUHGELWLQJSHUIRUPDQFHXVLQJOHYHUDUPPHFKDQLFVDQG
VLPSOLILFDWLRQVRIVNHOHWDOIDFLDODQDWRP\LHXVLQJWZRGLPHQVLRQDOGLDJUDPVLQZKLFKWKH
FUDQLXPLVJUHDWO\VLPSOLILHGUDWKHUWKDQFRQVLGHULQJWKHIXOOWKUHHGLPHQVLRQDO'DQDWRP\
RIWKHPDVWLFDWRU\V\VWHP0RUHUHFHQWO\FUDQLRIDFLDOELRPHFKDQLFDOVWXGLHVRIELWLQJLQ
KRPLQLQVKDYHXVHG)LQLWH(OHPHQW$QDO\VLV)($6WUDLWHWDO6WUDLWHWDO
6WUDLWHWDO2¶+LJJLQVHWDO:LW]HO2¶+LJJLQVHWDO6PLWKHWDO
/HGRJDUHWDOE7KLVDSSURDFKLQYROYHVWKHFUHDWLRQRI'PRGHOVRIWKH
FUDQLXPWKDWDUHWKHQDOORFDWHGERQHPDWHULDOSURSHUWLHVDQGORDGHGWRVLPXODWHPXVFOH
DWWDFKPHQWVOLQHVRIDFWLRQDQGIRUFHVZLWKFRQVWUDLQWVDSSOLHGDWELWLQJSRLQWVDQGMRLQWVWR
IL[WKHFUDQLXPLQVSDFH2¶+LJJLQVHWDO)XQFWLRQDOVLPXODWLRQVXVLQJWKLV
DSSURDFKOHDGWRSUHGLFWLRQVRIELWHIRUFHVDQGWKHVWUHVVHVDQGVWUDLQVH[SHULHQFHGE\WKH
FUDQLRIDFLDOFRPSOH[)($KDVEHHQXVHGLQFUDQLRIDFLDOELRPHFKDQLFDODQDO\VHVRIIRVVLO
KRPLQLQVVXFKDVDXVWUDORSLWKV6WUDLWHWDO6WUDLWHWDO:URHHWDO
2¶+LJJLQVHWDO6PLWKHWDO/HGRJDUHWDOEDQGH. 
neanderthalensis:LW]HOEXWWKHELWHIRUFHJHQHUDWLRQHIILFLHQF\DQGVNHOHWDO
SHUIRUPDQFHLQUHVLVWLQJELWHVRIH. sapiensKDYHQRW\HWEHHQFRPSDUHGWRLWVSURSRVHG
DQFHVWRUH. heidelbergensisXVLQJ)($
7KXVWKHSUHVHQWVWXG\DVVHVVHVWKHLPSDFWRIGLIIHUHQFHVLQIDFLDOVL]HDQGPLGIDFLDO
UHWUDFWLRQIRXQGEHWZHHQPRGHUQKXPDQVDQGH. heidelbergensisRQWKHELWLQJSHUIRUPDQFH


RIWKHVHWZRVSHFLHV%DVHGRQSULRUZRUNLWLVH[SHFWHGWKDWGLIIHUHQFHVZLOOEHIRXQGLQL
ELWHIRUFHHIILFLHQF\DQGSRVVLEO\FDSDELOLW\LLWKHDELOLW\WRUHVLVWGHIRUPDWLRQVDULVLQJ
GXULQJPDVWLFDWRU\ORDGLQJDQGLLLWKHPDJQLWXGHVDQGPRGHVRIGHIRUPDWLRQH[SHULHQFHG
E\WKHFUDQLRIDFLDOFRPSOH[:HFRQVLGHUWKHLPSOLFDWLRQVRIRXUILQGLQJVLQUHODWLRQWR
DGDSWDWLRQLQWKHFUDQLRIDFLDOVNHOHWRQRIPRGHUQKXPDQV7KXVWKHUHGXFHGPLGIDFHRIH. 
sapiensUHODWLYHWRWKDWRIH. heidelbergensisERWKVSHFLHVUHSUHVHQWHGE\SUR[\VSHFLPHQV
KDVPHFKDQLFDOHIILFLHQF\RIFRQYHUVLRQRIPXVFOHIRUFHLQWRELWLQJIRUFHDQGORDG
UHVLVWDQFHDQGSODXVLEO\PRUSKRORJLFDOFRQVHTXHQFHVWKHGHYHORSPHQWRIDFKLQ,Q
SDUWLFXODUZHFRQVLGHULIWKHVHDUHDGDSWLYHFKDQJHVRUDUHVHFRQGDU\WRRWKHUFDXVHVRI
PLGIDFLDOUHGXFWLRQ

0DWHULDOVDQG0HWKRGV
Materials 
$GXOWFUDQLDRIH. heidelbergensisDQGH. sapiensZHUHFRPSDUHGLQWHUPVRIWKH
IROORZLQJPHFKDQLFDOSHUIRUPDQFHSDUDPHWHUVWKDWUHODWHWRELWLQJWKHPHFKDQLFDO
DGYDQWDJHVRIWKHPDLQMDZDGGXFWRUPXVFOHVWHPSRUDOLVPDVVHWHUDQGPHGLDOSWHU\JRLG
WKHELWHIRUFHVJHQHUDWHGDQGELWHIRUFHSURGXFWLRQHIILFLHQF\WKHSURSRUWLRQVRIQHW
PXVFOHIRUFHFRQYHUWHGLQWRELWHIRUFHDQGLQWRMRLQWUHDFWLRQIRUFHVDQGWKHPDJQLWXGHV
DQGPRGHVRIGHIRUPDWLRQRIHDFKFUDQLXPDVVHVVHGORFDOO\XVLQJVWUDLQVDQGJOREDOO\XVLQJ
JHRPHWULFPRUSKRPHWULFV
7KHFDOFXODWLRQRIPHFKDQLFDODGYDQWDJHVXVHGWZRVSHFLPHQVDWWULEXWHGWRH. 
heidelbergensis%URNHQ+LOODOVRNQRZQDV.DEZHDQG3HWUDORQD*UHHFHERWK
SUHVXPHGPDOHV5LJKWPLUH$VQRWHGLQWKH,QWURGXFWLRQWKHVHFRPHIURPGLIIHUHQW
FRQWLQHQWVDQGVRUHSUHVHQWSRSXODWLRQVRIDUFKDLFHomo WKDWPD\KDYHGLIIHUHQW
SK\ORJHQHWLFKLVWRULHVDQGIDWHV+RZHYHUIRUPUDWKHUWKDQSK\ORJHQ\GHWHUPLQHV


PHFKDQLFDOSHUIRUPDQFHDQGWKHVHIRVVLOVDUHPRUHVLPLODUWRHDFKRWKHUWKDQHLWKHULVWR
PRGHUQKXPDQV%DDEHWDO+XEOLQHWDODQGVRERWKDUHFRQVLGHUHGLQWKH
DQDO\VLVRIOHYHUPHFKDQLFV
7KH FUDQLXPRIH. sapiens LV WKDWRI D\HDUROGPDOH IURP+XOO(QJODQGZKRJDYH
SULRU FRQVHQW IRU WKLV UHVHDUFK DV DSSURYHG XQGHU WKH UHOHYDQW QDWLRQDO OHJLVODWLRQ 7KH
+XPDQ7LVVXH$FWVHH:LQWHUWRQDQGE\WKHUHOHYDQW+XOO<RUN0HGLFDO6FKRRO
(WKLFV FRPPLWWHH 7KH VDPH FDGDYHULF KHDG ZDV SUHYLRXVO\ XVHG E\ 7RUR,EDFDFKH HW DO
D IRU YDOLGDWLRQ RI PDVWLFDWRU\ IXQFWLRQ ,Q WKDW VWXG\ WKH KHDG ZDV GLVVHFWHG
VHJPHQWHGDQGXVHGWRFUHDWHDQ)(PRGHOWKDWZDVPHFKDQLFDOO\ORDGHGWRDSSUR[LPDWHWKH
VLPXODWLRQRIDQLQFLVRUELWH6LPLODUO\*RGLQKRHWDODVVHVVHGYDOLGLW\RIWKHFUDQLXP
LQVLPXODWHG0ELWLQJ7KHFUDQLXPZDVH[WUHPHO\ZHOOSUHVHUYHGEXWELODWHUDOO\ODFNHGWKH
XSSHUIRXUWKSUHPRODUVZLWKQRVXEVWDQWLDOJDSVLQWKHGHQWDODUFDGH,WLVXVHGLQWKLVVWXG\
EHFDXVHZHXQGHUVWDQGWKHOLPLWVRILWVYDOLGLW\DQGVHQVLWLYLW\WRPRGHOOLQJHUURUVEHWWHUWKDQ
DQ\ RWKHU KXPDQ FUDQLXP \HW VXEMHFWHG WR )($ 7KH SURWRFRO IRU )($ PRGHOOLQJ WKDW ZH
DSSO\WRERWKFUDQLDWKHKXPDQDQG%URNHQ+LOOLQWKLVVWXG\ZDVGHYHORSHGXVLQJLW
7KH)($SDUWRIWKHVWXG\GRHVQRWWDNHDFFRXQWRILQWUDVSHFLILFYDULDWLRQEHFDXVHWKH
DYDLODEOH&7VFDQRI3HWUDORQDLVRIWRRORZDUHVROXWLRQWRUHOLDEO\EXLOGDQ)($PRGHO
+RZHYHUWKHLQWHUVSHFLILFPRUSKRORJLFDOGLIIHUHQFHVEHWZHHQH. heidelbergensisDQGH. 
sapiensVHHDERYHDQG%DDEHWDO+XEOLQHWDODUHFOHDUO\ODUJHUWKDQWKH
LQWUDVSHFLILFRQHVWKXVPLWLJDWLQJWKHOLPLWDWLRQVLQKHUHQWLQVWXG\LQJRQO\RQHUHSUHVHQWDWLYH
SHUVSHFLHV



Mechanical advantages 
0HFKDQLFDODGYDQWDJHVUDWLRRIIRUFHVRXWWRIRUFHVLQZHUHFDOFXODWHGIRUWKHMDZ
DGGXFWRUPXVFOHVWHPSRUDOLVPDVVHWHUDQGPHGLDOSWHU\JRLGEDVHGRQ'ODQGPDUNVRQWZR
FUDQLDRIH. heidelbergensis%URNHQ+LOODQG3HWUDORQDDQGRQHFDGDYHULFH. sapiens)LJ
/DQGPDUNLQJRI3HWUDORQDZDVEDVHGRQDQLVRVXUIDFHRIWKH&7ZLWKQRIXUWKHU
UHFRQVWUXFWLRQ/DQGPDUNLQJRI%URNHQ+LOODQGWKHKXPDQFUDQLXP ZHUHEDVHGRQWKHIXOO
UHFRQVWUXFWLRQVRIWKHFUDQLDGHVFULEHGEHORZ3HWUDORQDDQG%URNHQ+LOOODFNWKHORZHU
MDZWKXVWRHVWLPDWHWKHLQVHUWLRQVRIPDVVHWHUDQGPHGLDOSWHU\JRLGD1HDQGHUWKDO
PDQGLEOH7DEXQZDVVFDOHGWRHDFKRIWKHVSHFLPHQV%HFDXVHPDVVHWHUDQGHVSHFLDOO\
WHPSRUDOLVDUHPXVFOHVZLWKZLGHRULJLQVWKHPHFKDQLFDODGYDQWDJHVPD\YDU\PDUNHGO\
GHSHQGLQJRQZKLFKSRLQWRIRULJLQRIWKHPXVFOHVLVVHOHFWHG7KXVWREUDFNHWWKHUDQJHLQ
HDFKRIWKHVHWZRPXVFOHVWKHPHFKDQLFDODGYDQWDJHVZHUHFDOFXODWHGIRUWKHLUPRVWDQWHULRU
DQGSRVWHULRUSRLQWVRIRULJLQ)RUWHPSRUDOLVDWKLUGLQWHUPHGLDWHOLQHRIDFWLRQZDVDOVR
GHILQHGDSSUR[LPDWHO\LQWKHFHQWUHOLQHRIWKHPXVFOHZKHUHLWEXOJHVDQGUHDFKHVLWVPRVW
VXSHULRUSRLQW7KHVHDQDWRPLFDOSRLQWVZHUHHDVLO\LGHQWLILDEOHGXHWRWKHSUHVHQFHRIPXVFOH
VFDUULQJ7KHPHFKDQLFDODGYDQWDJHVRIDODWHUDOLQFLVRUELWHZHUHDOVRFDOFXODWHGIRUH. 
sapiensDQGWKHUHVXOWVZHUHDYHUDJHGWRUHQGHUWKHPFRPSDUDEOHZLWKWKRVHRI2¶&RQQRUHW
DOZKHUHWKHPHFKDQLFDODGYDQWDJHVLHLQOHYHURXWOHYHUZHUHFDOFXODWHGIRUWKH
ODWHUDOLQFLVRU(YHQWKRXJKWKHVDPSOHRIH. heidelbergensisLVVPDOO%URNHQ+LOODQG
3HWUDORQDDUHWKHEHVWSUHVHUYHGDQGPRVWFRPSOHWHFUDQLDFRPPRQO\DVFULEHGWRWKLVVSHFLHV
WKXVSURYLGLQJWKHPRVWUHOLDEOHDQGFRPSOHWHGDWD7KHPHFKDQLFDODGYDQWDJHVZHUH
PHDVXUHGLQRQO\RQHVSHFLPHQRIH. sapiensEXWWKHUHVXOWVIRUWHPSRUDOLVDQGPDVVHWHULQ
WKLVLQGLYLGXDOZHUHFRQVLVWHQWZLWKWKRVHIURPRWKHUVWXGLHVDQGRQO\VOLJKWO\KLJKHUIRU
PHGLDOSWHU\JRLG2¶&RQQRUHWDODQGVHHUHVXOWVVHFWLRQ



Bite forces 
%LWHIRUFHVZHUHFDOFXODWHGIURPWKHUHDFWLRQIRUFHVDWWKHELWHSRLQWVRIWKHILQLWHHOHPHQW
PRGHOVRIWKHH. heidelbergensis%URNHQ+LOODQGH. sapiensFDGDYHULFVSHFLPHQV7KH
ELWHIRUFHSURGXFWLRQHIILFLHQF\UHIOHFWVWKHSURSRUWLRQRIQHWDSSOLHGPXVFOHIRUFHFRQYHUWHG
LQWRELWHIRUFHDQGWKHSURSRUWLRQWKDWFRQWULEXWHVWRUHDFWLRQIRUFHVDWWKHIXOFUXPDWWKH
JOHQRLGIRVVD7KHVHDUHFDOFXODWHGDVWKHUDWLRRIWKHELWHIRUFHDQGQHWPXVFOHIRUFHDSSOLHG
)E)PDQGWKHUDWLRRIWKHVXPPHGUHDFWLRQIRUFHVDWWKHJOHQRLGIRVVDHDQGQHWPXVFOH
IRUFHDSSOLHG)F)P$QWyQ2¶&RQQRUHWDO7KHWHUPµQHWPXVFOHIRUFH¶LV
DSSOLHGKHUHWRWKHVXPRIDOOUHDFWLRQIRUFHVDWWKHFRQVWUDLQHGQRGHVRQWKHWHHWKDQGJOHQRLG
IRVVD,WGLIIHUVIURPWKHWRWDOPXVFOHIRUFHGXHWRWKHRULHQWDWLRQRIWKHPXVFOHIRUFHYHFWRUV
7KHPDJQLWXGHVGLUHFWLRQVDQGPRGHVRIGHIRUPDWLRQZHUHFDOFXODWHGIURPWKH
GLVSODFHPHQWVDULVLQJIURPWKH)($GHVFULEHGEHORZ

Finite element models 
7KHYLUWXDOPRGHOVRI%URNHQ+LOODQGWKHFDGDYHULFH. sapiensZHUHFUHDWHGIURP&7
VFDQV$IWHUVHJPHQWDWLRQDQGUHFRQVWUXFWLRQERWKPRGHOVZHUHFRQYHUWHGLQWRYR[HOEDVHG
ILQLWHHOHPHQWPRGHOVDQGZHUHXVHGWRVLPXODWHWKUHHGLIIHUHQWELWHV%HFDXVHWKHPRGHUQ
KXPDQFUDQLXPODFNVRQHRIWKHSUHPRODUVLQWKHOHIWDQGULJKWKHPLDUFDGHVWRRWKDQGELWH
SRLQWFRUUHVSRQGHQFHLVHVWDEOLVKHGLQWHUPVRISRVLWLRQDORQJWKHGHQWDODUFDGHUDWKHUWKDQE\
WRRWKW\SH7KLVGHFLVLRQZDVEDVHGRQDVHQVLWLYLW\DQDO\VLVLQZKLFKWKHHIIHFWRIUHSODFLQJ
WKHOHIWILUVWPRODUFURZQRIWKHH. sapiens PRGHOZLWKWKHOHIWSUHPRODUFURZQZDV
QHJOLJLEOHVWUDLQVLQWKHIDFHGLGQRWFKDQJHH[FHSWORFDOO\LQWKHFURZQDQGDOYHROXV
ZKHUHDVWKHHIIHFWRIYDU\LQJELWHORFDWLRQZDVPDUNHG,QFRQVHTXHQFHWKHVLPXODWHGELWHV
XVHGWKHILUVWOHIWWRRWKOHIWFHQWUDOLQFLVRULQERWKPRGHOVWKHIRXUWKOHIWWRRWKOHIWWKLUG
SUHPRODULQERWKPRGHOVDQGWKHILIWKWRRWKOHIWILUVWPRODULQH. sapiensDQGOHIWIRXUWK
SUHPRODULQ%URNHQ+LOO


)(PRGHOFUHDWLRQ%URNHQ+LOO$ IXOOGHVFULSWLRQRI WKH UHFRQVWUXFWLRQRI WKH%URNHQ+LOO
FUDQLXPZDVSURYLGHGE\*RGLQKRDQG2¶+LJJLQV$VVXFKKHUHZHSURYLGHDEULHI
VXPPDU\RIWKHUHFRQVWUXFWLRQRIWKLVFUDQLXP
7KHFUDQLXPRI%URNHQ+LOOZDVUHFRQVWUXFWHG)LJIURPD&7VFDQFRXUWHV\RI5REHUW
.UXV]\QVNL1DWXUDO+LVWRU\0XVHXP/RQGRQZLWKDQRULJLQDODQLVRPHWULFYR[HOVL]H
îîPPWKDWZDVUHVDPSOHGWRDQLVRPHWULFYR[HOVL]HRI
PP$XWRPDWHGVHPLDXWRPDWHGDQGPDQXDOVHJPHQWDWLRQWRUHILQHILQHGHWDLOVZHUH
SHUIRUPHGXVLQJ$YL]RYHUVLRQ9LVXDOL]DWLRQ6FLHQFHV*URXS7KLVZDVIROORZHGE\
UHFRQVWUXFWLRQRIWKHPLVVLQJDQDWRPLFDOUHJLRQVRIWKHFUDQLXPVXFKDVWKHULJKWWHPSRUDO
SDUWVRIWKHULJKWSDULHWDORFFLSLWDOPD[LOODHHWKPRLGDQGWHHWK:KHUHSRVVLEOHWKLVZDV
DFKLHYHGE\PLUURULQJSUHVHQWFRQWUDODWHUDODQDWRPLFDODUHDVDQGZDUSLQJWKHPWRWKHH[LVWLQJ
VWUXFWXUHV*HRPDJLF6WXGLRZDVXVHGWRILOOVPDOOJDSVXVLQJWKHVXUIDFHRI
VXUURXQGLQJVWUXFWXUHVDVDUHIHUHQFHIRULQWHUSRODWLRQ:KHQQRFRQWUDODWHUDOVWUXFWXUHVZHUH
SUHVHQWLQ%URNHQ+LOOSRUWLRQVRIWKHH. sapiensFUDQLXPSRUWLRQRIWKHRFFLSLWDOERQHDQG
FURZQVRIWHHWKZHUHDOVRXVHGIRUUHFRQVWUXFWLRQE\ZDUSLQJWKHPWRILW7KHFDQFHOORXV
ERQHVSDFHVZHUHLQILOOHGZLWKPDWHULDOWRIRUPDEXONPDWHULDOVHHEHORZ
)(PRGHOFUHDWLRQHomo sapiens 7KHFUDQLXPRIH. sapiensZDVRULJLQDOO\VHJPHQWHGE\
7RUR,EDFDFKHHWDODEDVHGRQD&7VFDQRIDFDGDYHULFKXPDQKHDGZLWKDQRULJLQDO
LVRPHWULFYR[HOVL]HRIPPWKDWZDVODWHUUHVDPSOHGWRDQLVRPHWULFYR[HOVL]HRI
PP $XWRPDWHG VHPLDXWRPDWHG DQG PDQXDO VHJPHQWDWLRQ RI WKH VNHOHWDO VWUXFWXUHV ZDV
SHUIRUPHGDQGFRUWLFDOERQHFDQFHOORXVERQHDVDEXONPDWHULDODQGWHHWKZHUHRULJLQDOO\
VHJPHQWHGDVVHSDUDWHPDWHULDOV7KHFUDQLXPZDVWKHQGLUHFWO\FRQYHUWHGLQWRDYR[HOEDVHG
ILQLWHHOHPHQWPRGHOXVLQJDEHVSRNHVRIWZDUHWRROYR[YHF,WZDVVXEPLWWHGWRYDOLGDWLRQ
VWXGLHVWKDWVLPXODWHGLQFLVRU7RUR,EDFDFKHHWDODDQGPRODUELWHV*RGLQKRHWDO


 DV ZHOO DV D VHQVLWLYLW\ VWXG\ DVVHVVLQJ WKH LPSDFW RI PRGHO VLPSOLILFDWLRQ RQ
SHUIRUPDQFH7RUR,EDFDFKHHWDOD*RGLQKRHWDO
2QWKHEDVLVRIWKHVHVHQVLWLYLW\VWXGLHVDQGWKHVWXG\RI)LWWRQHWDOZKLFKVKRZD
PDUNHGHIIHFWRQPDJQLWXGHEXWDYHU\VPDOOHIIHFWRQPRGHRIGHIRUPDWLRQERWKPRGHOV
ZHUHVLPSOLILHGE\ILOOLQJFDQFHOORXVERQHUHJLRQVZLWKPDWHULDOWKDWKDVWKHVDPHPDWHULDO
SURSHUWLHVDVFRUWLFDOERQHDQGDOORFDWLQJWKHVDPHFRUWLFDOERQHSURSHUWLHVWRWHHWKVHH
0DWHULDOSURSHUWLHVEHORZ7KLVDOORZHGFRPSDUDELOLW\ZLWKWKH%URNHQ+LOO)(PRGHO
ZKLFKLVVLPSOLILHGRIQHFHVVLW\EHFDXVHWKH&7VFDQODFNVGHWDLORIFDQFHOORXVERQH
DUFKLWHFWXUHDQGGLVWULEXWLRQVHHEHORZ
&RQVWUDLQWV 6LPLODU FRQVWUDLQWV ZHUH DSSOLHG WR WKH PRGHOV RI %URNHQ +LOO DQG H. sapiens
XVLQJ WKH ILQLWH HOHPHQW DQDO\VLV VRIWZDUH WRRO 9R[)( )DJDQ HW DO  %RWK
WHPSRURPDQGLEXODU MRLQWV70-ZHUHFRQVWUDLQHGDWQRGHV[\DQG]D[LVDQGD WKLUG
FRQVWUDLQWQRGHVIL[HGLQWKH]D[LVZDVDSSOLHGDWWKHVLPXODWHGELWHSRLQWLQHDFKRIWKH
PDVWLFDWRU\VLPXODWLRQV([SHULPHQWVLQZKLFKRQHD[LVRIFRQVWUDLQWZDVUHPRYHGIURPRQH
RI WKH 70- UHVXOWHG LQ WKH PRGHO URWDWLQJ ZKHQ ORDGHG DV VXFK WKHVH DUH WKH PLQLPXP
FRQVWUDLQWVZHFRXOGDSSO\
0DWHULDO SURSHUWLHV 6HQVLWLYLW\ VWXGLHV FRQGXFWHG XVLQJ WKH FUDQLXP RI H. sapiens 7RUR
,EDFDFKHHWDOD*RGLQKRHWDOVKRZWKDWSURJUHVVLYHO\VLPSOLI\LQJWKHPRGHO
IURP WKH RULJLQDO WKUHH PDWHULDOV FRUWLFDO ERQH FDQFHOORXV ERQH DQG WHHWK ZLWK GLVWLQFW
PDWHULDO SURSHUWLHV WR D PRGHO ZLWK RQH PDWHULDO ZLWK SURSHUWLHV RI FRUWLFDO ERQH KDV D
VLJQLILFDQWHIIHFWLQUHGXFLQJWKHPDJQLWXGHRIVWUDLQVDQGRIJOREDOGHIRUPDWLRQZLWKDPXFK
PRUHOLPLWHGHIIHFWRQPRGHRIGHIRUPDWLRQUHODWLYHVWUDLQPDJQLWXGHVEHWZHHQUHJLRQVDQG
PRGH RI JOREDO FKDQJHV LQ VL]H DQG VKDSH $OORFDWLQJ WR WHHWK WKH PDWHULDO SURSHUWLHV RI
FRUWLFDO ERQH UDWKHU WKDQ HQDPHOKDV DYHU\ ORFDOL]HG HIIHFW LQ WKH DOYHRODU UHJLRQ DOWHULQJ
PDJQLWXGHRIGHIRUPDWLRQDQGOHVVVRWKHPRGHRIGHIRUPDWLRQ/DFUX]HWDO*RGLQKR


HWDO7KHVHUHVXOWVDUHFRQVLVWHQWZLWKRWKHUVWXGLHVXVLQJQRQKXPDQSULPDWHV)LWWRQ
HWDODQGVKRZWKDWXVLQJDRQHPDWHULDOPRGHOVKRXOGQRW\LHOGXQUHOLDEOHUHVXOWVLQ
WHUPV RI PRGH RI GHIRUPDWLRQ DOWKRXJK PDJQLWXGH LV OLNHO\ GLPLQLVKHG WR DQ XQNQRZQ
GHJUHH )XUWKHU WKLV VLPSOLILFDWLRQ UHVXOWHG LQ RQO\ D  LQFUHDVH LQ WKH HVWLPDWHG ELWH
IRUFH
7KLVVLPSOLILFDWLRQLVXVHIXOLQWKHFXUUHQWVWXG\%URNHQ+LOODQGLQRWKHUFRQWH[WVVLQFH
IRVVLOVRIWHQODFNDQDWRPLFDOUHJLRQVEHFDXVHRISRVWPRUWHPGDPDJHDQGDUHILOOHGZLWK
VHGLPHQWDU\PDWUL[SUHFOXGLQJUHOLDEOHUHFRQVWUXFWLRQVRIDQDWRPLFDOGHWDLOVVXFKDVWKH
GLVWULEXWLRQDQGDUFKLWHFWXUHRIFDQFHOORXVERQH)LWWRQHWDO%\EXLOGLQJDRQH
PDWHULDOPRGHOUHFRQVWUXFWLRQLVIDFLOLWDWHG\HWXVHIXOLQIRUPDWLRQFDQVWLOOEHREWDLQHG
UHJDUGLQJPRGHDQGUHODWLYHEXWQRWDEVROXWHPDJQLWXGHRIGHIRUPDWLRQ6XFKPRGHOVZHUH
FUHDWHGIRUERWKH. sapiensDQG%URNHQ+LOOWRZKLFKFRUWLFDOERQHPDWHULDOSURSHUWLHVZHUH
DOORFDWHGZLWKD<RXQJ¶VPRGXOXVRI*3DDQG3RLVVRQ¶VUDWLRRI7KHPRGXOXVRI
HODVWLFLW\ZDVGHULYHGIURPQDQRLQGHQWDWLRQVWXGLHVRIFRUWLFDOERQHIURPWKHVNXOORIH. 
sapiens7RUR,EDFDFKHHWDODDQGLVZLWKLQWKHUDQJHRISUHYLRXVVWXGLHV'HFKRZHW
DO6FKZDUW]'DEQH\DQG'HFKRZ6LQFHWKHVHPRGHOVDUHPDGHXVLQJWKHVDPH
SURWRFROZLWKUHJDUGWRVHJPHQWDWLRQDQGPDWHULDOSURSHUWLHVZHFDQGLUHFWO\FRPSDUH
GHIRUPDWLRQVDQGVRWKHVWUDLQVGHYHORSHGLQWKHP²DOWKRXJKDVQRWHGDERYHZHFDQQRW
FRQILGHQWO\SUHGLFWWKHDEVROXWHPDJQLWXGHVRIGHIRUPDWLRQ7KLVVDLGRXUSULRUVHQVLWLYLW\
VWXGLHV7RUR,EDFDFKHHWDOD*RGLQKRHWDOLQGLFDWHGWKDWWKHUHODWLYHVWUDLQV
ZLWKLQDQGEHWZHHQFUDQLDSURYLGHDJRRGDSSUR[LPDWLRQWRLQYLWURVLPXODWLRQVRI
PDVWLFDWRU\IXQFWLRQ7KLVH[SHFWDWLRQLVIXUWKHUVXSSRUWHGE\FRPSDULVRQRIWKHVWUDLQPDSV
LQWKLVVWXG\ZLWKWKRVHSUHYLRXVO\REWDLQHGE\/HGRJDUHWDODDQG7RUR,EDFDFKH
VHH'LVFXVVLRQ


0XVFOHORDGV/RDGVZHUHDSSOLHGGLUHFWO\ WRWKHQRGHVRI WKHYR[HOHOHPHQWV WKDW OLH LQWKH
UHJLRQV RI PXVFOH DWWDFKPHQW LQ RXU )( PRGHOV WR UHSUHVHQW WKH PD[LPDO DFWLRQV RI VL[
PXVFOHVDFWLYHGXULQJELWLQJULJKWDQGOHIWWHPSRUDOLVULJKWDQGOHIWPDVVHWHUULJKWDQGOHIW
PHGLDOSWHU\JRLG'HWDLOVRIDSSOLHGIRUFHVDUHJLYHQLQ7DEOH7KHDSSOLHGIRUFHVZHUHWKH
VDPHLQERWKELWLQJVLPXODWLRQV7KHVHDUHQRWSK\VLRORJLFDOEHFDXVHLQOLIHUHODWLYHPXVFOH
DFWLYDWLRQVFKDQJHEHWZHHQELWHSRLQWVDQGZLWKLQDQGEHWZHHQFKHZLQJF\FOHV+RZHYHUE\
NHHSLQJ WKH IRUFHV FRQVWDQW DPRQJ PRGHOV ZH FDQ FRQWURO WKH H[SHULPHQW FDUHIXOO\
PRGLI\LQJ MXVW RQH YDULDEOH EHWZHHQ ELWLQJ VLPXODWLRQV WKH ELWH SRLQW $V VXFK ZH FDQ
GLUHFWO\ FRPSDUH GHIRUPDWLRQV EHWZHHQ ELWHV LQ WKH NQRZOHGJH WKDW LQSXW IRUFHV KDYH QRW
FKDQJHG7KHH. sapiensFDGDYHULFKHDGKDGDOOWKHPDVWLFDWRU\PXVFOHVSUHVHUYHGDVZHOODV
WKH PDQGLEOH 7KXV LW ZDV SRVVLEOH WR DFFXUDWHO\ UHSUHVHQW WKH VSHFLPHQVSHFLILF PXVFOH
YHFWRUVDQGPXVFOH IRUFHVDVHVWLPDWHG IURP WKHSK\VLRORJLFDOPXVFOHFURVVVHFWLRQDODUHDV
XVLQJWKH&7VFDQVRIWKHKHDGDQGQRWIURPERQ\SUR[LHV7RUR,EDFDFKHHWDOD
%URNHQ+LOOGRHVQRWKDYHDPDQGLEOHZKLFKSUHFOXGHVGLUHFWHVWLPDWLRQRIWKHOLQHVRI
DFWLRQDQGDQDWRPLFDOFURVVVHFWLRQDODUHDVDQGVRPD[LPXPIRUFHVRIPXVFOHVWKDWDWWDFK
WRWKHPDQGLEOHPDVVHWHUDQGPHGLDOSWHU\JRLG,QWKHSUHVHQWVWXG\ZHDSSO\WKHVDPH
PXVFOHIRUFHVDVLQWKHKXPDQWRFRPSDUHWKHHIIHFWVRIGLIIHUHQFHVLQPXVFOHYHFWRUVDQG
OHYHUDUPVRQSHUIRUPDQFHUDWKHUWKDQWKHHIIHFWVRIYDU\LQJLQSXWIRUFHV$VVXFKZH
DSSOLHGWKHPXVFOHIRUFHVHVWLPDWHGIRUWKHH. sapiensVSHFLPHQWR%URNHQ+LOO%HFDXVH
%URNHQ+LOOODFNVDPDQGLEOHDQGQHLWKHU&7VFDQVQRUFDVWVRIDQ\RWKHUH. heidelbergensis
PDQGLEOHHJWKH0DXHUPDQGLEOHZHUHDYDLODEOHZHHVWLPDWHGWKHGLUHFWLRQVRIPXVFOH
IRUFHYHFWRUVE\VFDOLQJDPDQGLEOHRIH. neanderthalensis7DEXQWRWKH%URNHQ+LOO
FUDQLXPDQGXVLQJLWWRJXLGHHVWLPDWLRQ:KLOHWKLVFOHDUO\LVQRWWKHULJKWPDQGLEOHWKLV
VFDOLQJUHPRYHVWKHVL]HGLIIHUHQFHVEHWZHHQWKHFUDQLXPDQGWKH7DEXQPDQGLEOHWKXV
SURYLGLQJDVXLWDEOHILUVWDSSUR[LPDWLRQRIPXVFOHYHFWRUVZKHQVFDOHGWRILWWKLVFUDQLXP,W


UDLVHVWKHTXHVWLRQKRZHYHURIWKHH[WHQWWRZKLFKHUURULQWKHHVWLPDWLRQRIPXVFOHYHFWRUV
ZLOOLPSDFWRXUILQGLQJVGXHWRWKHHIIHFWVRIHJDOORPHWU\6HYHUDOSULRUVHQVLWLYLW\VWXGLHV
5RVVHWDO)LWWRQHWDO%ULJKWHWDO7RUR,EDFDFKHHWDOKDYH
QRWHGWKDWYDU\LQJPXVFOHYHFWRUVRUUHODWLYHIRUFHVZKLFKDIIHFWVQHWYHFWRUVKDVUHODWLYHO\
OLWWOHLPSDFWRQPRGHRIGHIRUPDWLRQDQGVRRQWKHGLVWULEXWLRQRIUHJLRQVRIUHODWLYHO\KLJK
RUORZVWUDLQVDOWKRXJKWKHPDJQLWXGHVRIVWUDLQVWHQGWRYDU\ZLWKWRWDODSSOLHGPXVFOHIRUFH
ZKLFKLVDFRQVWDQWLQRXUVWXG\
7RHQVXUHWKHVHILQGLQJVDSSO\LQWKHSUHVHQWVWXG\ZHFDUULHGRXWDIXUWKHUVHQVLWLYLW\
DQDO\VLVLQZKLFKZHYDULHGPXVFOHYHFWRUVDSSOLHGWRWKH%URNHQ+LOOPRGHO,QWKLV
VHQVLWLYLW\DQDO\VLVZHIRFXVHGRQLQFLVRUELWLQJLQZKLFKVWUDLQVDUHJUHDWHVW:HYDULHGWKH
OLQHVRIDFWLRQRIWKHWKUHHPXVFOHVRQERWKVLGHVZLWKUHVSHFWWROLQHVHVWLPDWHGIURPWKH
7DEXQPDQGLEOHVXFKWKDWWKHYHFWRUVDUHGLUHFWHGPRUHDQWHULRUO\E\PRUHSRVWHULRUO\E\
PRUHODWHUDOO\E\DQGPRUHPHGLDOO\E\7KHLPSDFWRQWKHPDJQLWXGHVDQG
GLVWULEXWLRQVRIVWUDLQVLVORZWRQHJOLJLEOH$QWHULRUURWDWLRQFDXVHVDVOLJKWLQFUHDVHaLQ
VWUDLQVSRVWHULRUURWDWLRQDVOLJKWGHFUHDVHaDQGPHGLRODWHUDOURWDWLRQKDVHYHQDORZHU
LPSDFWa
,QVXPPDU\ZKLOHDQRWKHUH. heidelbergensisPDQGLEOHVXFKDVWKH0DXHUPDQGLEOH
ZRXOGKDYHEHWWHUVHUYHGHVWLPDWLRQRIWKHRULHQWDWLRQVRIPXVFOHYHFWRUVRIWKH%URNHQ+LOO
FUDQLXPXVLQJVXFKDPDQGLEOHZRXOGVWLOOUDLVHLVVXHVRIVXLWDELOLW\EHFDXVHRILQWUDVSHFLILF
YDULDWLRQ1HLWKHULVWKHXVHRIWKH7DEXQPDQGLEOHLGHDO7KHUHIRUHDIWHUVFDOLQJWKH
PDQGLEOHWRREWDLQDQHVWLPDWHRIPXVFOHYHFWRUVZHDVVHVVHGWKHLPSDFWRIHUURULQWKHVH
HVWLPDWHVE\SHUIRUPLQJWKHVHQVLWLYLW\DQDO\VLVGHVFULEHGDERYH2XUUHVXOWVVKRZWKDW
FKDQJLQJWKHRULHQWDWLRQRIWKHPXVFOHYHFWRUVE\PHGLRODWHUDOO\DQGDQWHURSRVWHULRUO\KDV
OLPLWHGLPSDFW7KLVUDQJHOLNHO\LQFRUSRUDWHVWKHWUXHYHFWRUVDQGVKRZVWKDWWKHUHVXOWVRI
)($GLIIHUOLWWOHWKURXJKRXWWKHZKROHUDQJHRIOLNHO\PXVFOHYHFWRUV7KLVJLYHVXV


FRQILGHQFHWKDWRXUUHVXOWVDUHQRWXQGXO\DIIHFWHGE\HUURUVLQPXVFOHYHFWRUVDSSOLHGWRWKH
)(PRGHO
0RGHOVROXWLRQDQGDQDO\VLV7KH)(PRGHOVZHUHVROYHGXVLQJ9R[)()DJDQHWDO
7KHUHVXOWLQJGHIRUPDWLRQVRIWKHWZRPRGHOVZHUHWKHQFRPSDUHGE\YLVXDODVVHVVPHQW
RIFRQWRXUSORWVRIWKHWZRVXUIDFHSULQFLSDOVWUDLQVİDQGİPD[LPXPDQGPLQLPXP
SULQFLSDOVWUDLQVPDJQLWXGHVRYHUWKHZKROHFUDQLXPDQGRIVWUDLQYHFWRUGLUHFWLRQVRYHUWKH
LQIUDRUELWDOSODWHTXDQWLWDWLYHFRPSDULVRQVRIWKHVXUIDFHVWUDLQPDJQLWXGHVH[SHULHQFHG
DWKRPRORJRXVSRLQWVRIZKLFKWKHPDJQLWXGHVDWSRLQWVIURPWKHPLGOLQHDQGOHIWVLGH
RIWKHFUDQLXPZHUHSORWWHGIRUFRPSDULVRQORDGLQJLVRQWKHOHIWDQGVRWKHODUJHVWVWUDLQV
DUHGHYHORSHGRQWKLVVLGHLQWKDWELWHVHH7DEOHDQGFRPSDULVRQVDPRQJWKHORDGHG
PRGHOVRIPRGHVRIJOREDOGHIRUPDWLRQFKDQJHVLQVL]HDQGVKDSHUHODWLYHWRWKHXQORDGHG
PHDQRIWKHPRGHUQKXPDQDQG%URNHQ+LOOVSHFLPHQXVLQJJHRPHWULFPRUSKRPHWULF*0
DQDO\VHVRIWKHIXOOVHWRIPLGOLQHDQGELODWHUDOFUDQLDOODQGPDUNVVHH7DEOH
,QWKH*0DQDO\VLVWKHODQGPDUNFRRUGLQDWHVGLIIHUEHWZHHQWKHXQORDGHGDQGORDGHG
PRGHOVRIH. sapiens DQGH. heidelbergensis EHFDXVHRIGLIIHUHQFHVLQVL]HWUDQVODWLRQ
URWDWLRQFUDQLDOVKDSHDQGLQWKHFDVHRIORDGHGPRGHOVGHIRUPDWLRQPRGHDQGPDJQLWXGH
RIFKDQJHLQFUDQLDOVKDSHGXHWRORDGLQJ:HDUHRQO\LQWHUHVWHGLQWKHODVWWKHHIIHFWVRI
ORDGLQJZKLFKDUHYHU\VPDOOFRPSDUHGWRWKHGLIIHUHQFHVLQVL]HDQGVKDSHEHWZHHQ
XQORDGHGPRGHOV6LQFHORDGLQJUHVXOWVLQFKDQJHVLQERWKVL]HDQGVKDSHZHFRQVLGHUWKHP
MRLQWO\E\ILUVWXQGHUWDNLQJD*HQHUDOL]HG3URFUXVWHV$QDO\VLV*3$RIDOOXQORDGHGDQG
ORDGHGFUDQLDWRDFFRXQWIRUWKHHIIHFWVRIGLIIHUHQFHVLQVL]HWUDQVODWLRQDQGURWDWLRQ7KLV
UHVXOWVLQVKDSHYDULDEOHVZKLFKDUHWKH*3$UHJLVWHUHGFRRUGLQDWHV1H[WVL]HLV
UHLQWURGXFHGVHH6XSSOHPHQWDU\2QOLQH0DWHULDO6206E\PXOWLSO\LQJWKHVKDSH
FRRUGLQDWHVRIHDFKORDGHGDQGXQORDGHGPRGHOE\LWVRULJLQDOFHQWURLGVL]H7KLVUHVXOWVLQ
VL]HDQGVKDSHFRRUGLQDWHVIRUHDFKPRGHO7KHGLIIHUHQFHVLQVL]HDQGVKDSHFRRUGLQDWHV


FDOFXODWHGEHWZHHQWKHXQORDGHGDQGORDGHGPRGHOVORDGHGPLQXVXQORDGHGFRRUGLQDWHV
GHVFULEHWKHGHIRUPDWLRQVRIHDFKPRGHOUDWKHUWKDQWKHVL]HVDQGVKDSHVRIPRGHOV1RWHWKDW
KHUHµGHIRUPDWLRQ¶PHDQVFKDQJHVLQVL]HDQGVKDSHFDOFXODWHGDVDERYHUDWKHUWKDQ UDZ
GLVSODFHPHQWVRIODQGPDUNVEHWZHHQXQORDGHGDQGORDGHGPRGHOV7KHUDZGLVSODFHPHQWV
FDQLQFOXGHULJLGERG\PRWLRQVWKDWGRQRWFRQFHUQXV
7RYLVXDOLVHDQGFRPSDUHGHIRUPDWLRQVDVFKDQJHVLQVL]HDQGVKDSHRIHDFKFUDQLXPZH
IROORZWKHDSSURDFKVHWRXWLQDVHULHVRISUHYLRXVSDSHUV2¶+LJJLQVHWDO
0LOQHDQG2¶+LJJLQV2¶+LJJLQVDQG0LOQH7KXVWKHGLIIHUHQFHVLQVL]HDQG
VKDSHFRRUGLQDWHVDIWHUVFDOLQJWRDFFRXQWIRUGLIIHUHQFHVLQHJVL]HIRUFHVHWFDV
UHTXLUHGVHHEHORZZHUHDGGHGWRWKHFRRUGLQDWHVRIDQXQORDGHGFUDQLXPWRIDFLOLWDWH
YLVXDOL]DWLRQRIUHVXOWV7KHFKRLFHRIXQORDGHGFUDQLXPGRHVQRWLPSDFWWKHGLVWDQFHV
FRPSXWHGDPRQJPRGHOGHIRUPDWLRQVRUWKHVXEVHTXHQWSULQFLSDOFRPSRQHQWVDQDO\VLV
3&$+HUHZHFKRRVHWKHPHDQXQORDGHGFUDQLDOVL]HDQGVKDSHFRRUGLQDWHVRI%URNHQ+LOO
DQGWKHVSHFLPHQRIH. sapiensIRUWKLVSXUSRVH7KHPHDQXQORDGHGFUDQLDOVL]HDQGVKDSH
LVFDOFXODWHGE\PXOWLSO\LQJWKHPHDQVKDSHFRRUGLQDWHVRIWKHXQORDGHGFUDQLDIURPWKH
LQLWLDO*3$E\WKHPHDQFHQWURLGVL]HRIWKHXQORDGHGFUDQLD7KLVHQWLUHPDQHXYHUUHVXOWVLQ
QHZUHSUHVHQWDWLRQVRIORDGHGFUDQLDDVGHIRUPHGYHUVLRQVRIWKHPHDQFUDQLDOVL]HDQG
VKDSH)LQDOO\WRYLVXDOL]HWKHPRGHVDQGPDJQLWXGHVRIGHIRUPDWLRQD3&$LVFDUULHGRXW
ZLWKQRIXUWKHU*3$RIWKHPHDQXQORDGHGFUDQLDOVL]HDQGVKDSHWRJHWKHUZLWKWKHQHZ
UHSUHVHQWDWLRQVRIWKHORDGHGFUDQLDUHIHUUHGWRWKHPHDQ
6FDOLQJ,WLVQRWSRVVLEOHWRGLUHFWO\FRPSDUHDEVROXWHELWHIRUFHJHQHUDWLRQFDSDFLW\EHWZHHQ
WKH PRGHUQ KXPDQ DQG %URNHQ +LOO EHFDXVH QR GLUHFW GDWD DUH DYDLODEOH RQ WKH FURVV
VHFWLRQDODUHDVRIPDVWLFDWRU\PXVFOHVLQWKHODWWHU7KXVZHIRFXVRQDFRPSDULVRQRIELWLQJ
HIILFLHQF\ RIFRQYHUVLRQRIPXVFOH WRELWH IRUFHV DSSO\LQJ WKH VDPHPXVFOH IRUFHV WR WKH
PRGHUQ KXPDQ DQG %URNHQ +LOO FUDQLD LQ DOO )($ ELWLQJ VLPXODWLRQV +RZHYHU IRU


FRPSOHWHQHVV IXUWKHU DQDO\VHV DUH FDUULHG RXW WKDW WDNH DFFRXQW RI SRVVLEOH GLIIHUHQFHV LQ
DSSOLHGDQGUHDFWLRQIRUFHVDQGRIGLIIHUHQFHVLQIDFLDOVL]H
7RDFFRXQWIRUSRWHQWLDOGLIIHUHQFHVLQDSSOLHGPXVFOHIRUFHVLWZDVQHFHVVDU\WRVFDOHWKH
UHVXOWVRI)($DFFRUGLQJWRRXUEHVWHVWLPDWHRIPDVWLFDWRU\PXVFOHFURVVVHFWLRQDODUHDVDQG
VRIRUFHV7KLVHVWLPDWHLVREWDLQHGXVLQJWKHFURVVVHFWLRQDODUHDRIWKHOHIWWHPSRUDOIRVVDD
ERQ\VXUURJDWHIRUWHPSRUDOLVFURVVVHFWLRQDODUHDDQGEHFDXVHRIWKHODFNRIPDQGLEOHVWKH
RQO\ERQ\SUR[\DYDLODEOHIRUWKHPDVWLFDWRU\PXVFOHV,WVYDOLGLW\GHSHQGVRQWKHYDOLGLW\RI
WZRDVVXPSWLRQVWKDWWHPSRUDOIRVVDDUHDSUHGLFWVPXVFOHFURVVVHFWLRQDODUHDZKLFKLW
OLNHO\GRHVQRWVHH7RUR,EDFDFKHHWDOEDQGWKDWWKHUHH[LVWVDVLPLODUUHODWLRQVKLS
DPRQJWKHFURVVVHFWLRQDODUHDVRIWKHGLIIHUHQWPDVWLFDWRU\PXVFOHVLQWKHWZRLQGLYLGXDOV
$VVXFKLWLVDFUXGHHVWLPDWHEXWWKHEHVWZHFDQPDNH
7RHVWLPDWHDFWXDOSHUIRUPDQFHLQ%URNHQ+LOOWKHGHJUHHRIGHIRUPDWLRQLWZRXOGKDYH
XQGHUJRQHLIHVWLPDWHGDFWXDOPXVFOHIRUFHVKDGEHHQDSSOLHGSULQFLSDOVWUDLQVDUHVFDOHG
DFFRUGLQJWRWKHUDWLRRIDSSOLHGDQGHVWLPDWHGDFWXDOPXVFOHIRUFHV/LNHZLVHWRDFFRXQWIRU
GLIIHUHQFHVLQELWHIRUFHVEHWZHHQWKHPRGHUQKXPDQDQG%URNHQ+LOOWKHSULQFLSDOVWUDLQV
DQGVL]HDQGVKDSHGLVWDQFHV*0DQDO\VLVDUHVFDOHGDFFRUGLQJWRWKHUDWLRRIELWHIRUFHV
7KHVHVFDOLQJVUHO\RQWKHWKDWIDFWWKDWGHIRUPDWLRQVVWUDLQVDQGJOREDOFKDQJHVLQVL]HDQG
VKDSHDVDVVHVVHGE\WKH*0DQDO\VLVVFDOHOLQHDUO\DQGZLWKDVORSHRIZLWKDSSOLHG
IRUFHV0LOQHDQG2¶+LJJLQV2¶+LJJLQVDQG0LOQH
7RDFFRXQWIRUGLIIHUHQFHVLQIDFLDOVL]HEHWZHHQWKHPRGHUQKXPDQDQG%URNHQ+LOOWKH
VWUDLQVH[SHULHQFHGE\%URNHQ+LOOZHUHVFDOHGDFFRUGLQJWRWKHLQYHUVHRIWKHUDWLRRIIDFLDO
VXUIDFHDUHDV7KLVLVEHFDXVHVWUHVVLVWKHUHVXOWRIDIRUFHDSSOLHGRYHUDQDUHDı )$DQG
VWUDLQİ ǻOOVFDOHVZLWKVWUHVVWKURXJK+RRNH¶VODZH[WHQVLRQLVSURSRUWLRQDOWRDSSOLHG
IRUFHZLWKLQWKHHODVWLFOLPLWVRIKRPRJHQRXVLVRWURSLFPDWHULDOV%LUGDQG5RVV


$OWKRXJKVFDOLQJRIVWUHVVHVDQGVWUDLQVWRDFFRXQWIRUVL]HGLIIHUHQFHVLVZHOOXQGHUVWRRG
'XPRQWHWDOWKHVFDOLQJRIVL]HDQGVKDSHGLVWDQFHVLQ*0DQDO\VLVGXHWRVL]H
GLIIHUHQFHVDVGHVFULEHGDERYHLVQRW6206GHPRQVWUDWHVWKDWWKHVL]HDQGVKDSH
GLVWDQFHVEHWZHHQORDGHGDQGXQORDGHGPRGHOVRIWKHVDPHVKDSHVFDOHLQYHUVHO\ZLWK
OHQJWKVVXFKDVWKHVTXDUHURRWRIDUHDRUFHQWURLGVL]H$VVXFKWKHGHIRUPDWLRQV
GLIIHUHQFHVLQVL]HDQGVKDSHFRRUGLQDWHVRFFXUULQJLQGLIIHUHQWO\VL]HG)($PRGHOVFDQEH
VFDOHGWRDFFRXQWIRUVL]HGLIIHUHQFHVSULRUWRFRPSDULVRQDFFRUGLQJWRWKHLQYHUVHRIWKH
UDWLRRIWKHLUFHQWURLGVL]HV,WLVZRUWKQRWLQJWKDWWKLVVFDOLQJLVDSSUR[LPDWHEHFDXVH
GLIIHUHQFHVLQPDJQLWXGHVRIGHIRUPDWLRQDULVHZKHQVL]HLVYDULHGEXWGLIIHUHQFHVLQPRGHV
RIGHIRUPDWLRQDULVHZKHQVKDSHLVYDULHG62067KLVPHDQVWKDWVFDOLQJVEHWZHHQH. 
heidelbergensisDQGH. sapiens DUHLQHYLWDEO\DSSUR[LPDWLRQVZKRVHYDOLGLW\LVDIXQFWLRQRI
WKHGHJUHHRIGLIIHUHQFHLQVKDSHEHWZHHQWKHP$VLPLODUFDYHDWDSSOLHVWRVFDOLQJRIVWUDLQV
HJ*URVVHHWDODQGRIPXVFOHIRUFHVVLQFHWKHLUYHFWRUVZLOOYDU\ZLWKVKDSH
7KXVWRFRPSDUHSHUIRUPDQFHZKLOHVLPXOWDQHRXVO\DFFRXQWLQJIRUGLIIHUHQFHVLQIDFLDO
VL]HDQGDSSOLHGRUELWLQJIRUFHVZHXVHGWZRGLIIHUHQWVFDOLQJV)LUVWZHVFDOHGWKH
GHIRUPDWLRQVRI%URNHQ+LOOIRUGLIIHUHQFHVEHWZHHQWKHWZRVSHFLPHQVLQIDFLDOVL]HDQGLQ
DSSOLHGPXVFOHIRUFHVE\VFDOLQJWKHVWUDLQVDFFRUGLQJWRWKHLQYHUVHRIWKHUDWLRVRIIDFLDO
VXUIDFHDUHDVLQWKH)($DQDO\VLVRISULQFLSDOVWUDLQVRUWRWKHLQYHUVHRIWKHUDWLRRIIDFLDO
FHQWURLGVL]HVLQWKH*0DQDO\VLVRIVL]HDQGVKDSHGLIIHUHQFHVDQGWKHUDWLRRIWHPSRUDOLV
FURVVVHFWLRQDODUHDV7KHVHVFDOLQJVDOORZXVWRFRPSDUHGHIRUPDWLRQVLQ%URNHQ+LOODQGH. 
sapiensDFFRXQWLQJIRUGLIIHUHQFHVLQIDFLDOVL]HDQGDSSOLHGPXVFOHIRUFHV6HFRQGZHVFDOH
WKHGHIRUPDWLRQVDFFRUGLQJWRWKHLQYHUVHRIWKHUDWLRVRIIDFLDODUHDVRUFHQWURLGVL]HVDVLQ
WKHSUHYLRXVVFDOLQJDQGWKHUDWLRRIELWHUHDFWLRQIRUFHV7KLVDOORZVXVWRFRPSDUH%URNHQ
+LOOWRH. sapiensDFFRXQWLQJIRUGLIIHUHQFHVLQIDFLDOVL]HDQGELWHIRUFHV



5HVXOWV
Mechanical advantages 
7KHHVWLPDWHGPHFKDQLFDODGYDQWDJHVDUHSUHVHQWHGLQ7DEOH3HWUDORQDDQG%URNHQ+LOO
SUHVHQWVLPLODUPHFKDQLFDODGYDQWDJHVWKDWLQFUHDVHDVH[SHFWHGIURPDQWHULRUWRSRVWHULRU
ELWHVGXHWRVKRUWHQLQJRIWKHRXWOHYHUDUPOHQJWKRIWKHUHVLVWDQFHDUPZKLOHWKHLQOHYHU
DUPOHQJWKVRIWKHPXVFOHHIIRUWDUPVUHPDLQVFRQVWDQW7KHPHFKDQLFDODGYDQWDJHV0$
RIWKHFDGDYHULFH. sapiensDUHZLWKLQWKHUDQJHRIRULQWKHFDVHRIPHGLDOSWHU\JRLGVOLJKWO\
JUHDWHUWKDQLQWKHPDOHVDPSOHSUHVHQWHGE\2¶&RQQRUHWDOIRUODWHUDOLQFLVRUELWLQJ
WKHRQO\ELWHSRLQWFDOFXODWHGLQWKDWVWXG\7KHPD[LPXPYDOXHIRUWHPSRUDOLV0$LQ
2¶&RQQRUHWDOLVDQGWKHPHDQYDOXHLQWKHLQGLYLGXDOLQFOXGHGLQWKHVWXG\LV
IRUPDVVHWHUPD[LPXPYDOXHLQ2¶&RQQRUHWDOLVPHDQYDOXHLQWKLV
LQGLYLGXDOLVPHGLDOSWHU\JRLGPD[LPXPYDOXHLQ2¶&RQQRUHWDOLV
YDOXHLQWKLVLQGLYLGXDOLV$WWKHUHPDLQLQJELWHSRLQWVXVHGLQWKLVVWXG\PHFKDQLFDO
DGYDQWDJHVLQFUHDVHIURPDQWHULRUWRSRVWHULRUELWHVZLWKH. sapiensDOZD\VSUHVHQWLQJ
JUHDWHUYDOXHVWKDQ%URNHQ+LOODQG3HWUDORQD7KXVWKHH. sapiensVSHFLPHQLVPRUH
HIILFLHQWDWFRQYHUWLQJPXVFOHIRUFHVLQWRELWHIRUFHV7DEOHDQGUHVXOWVLQUDWLRVRIWKH
PHFKDQLFDODGYDQWDJHVRI%URNHQ+LOOHomo sapiensDQG3HWUDORQDHomo sapiensZKLFKDUH
DOZD\VOHVVWKDQ7DEOH

Bite forces and force production efficiency 
:KHQWKHVDPHPXVFOHIRUFHVDUHDSSOLHGWKHUDWLRRIELWHIRUFHVSUHGLFWHGIRU%URNHQ+LOO
WRWKRVHSUHGLFWHGIRUH. sapiensLV±7DEOH6FDOLQJIRUSRVVLEOHGLIIHUHQFHVLQ
PXVFOHDUHDVDQGWKHUHIRUHPXVFOHIRUFHVXVLQJWKHVXUIDFHDUHDRIWKHWHPSRUDOIRVVDDVD
SUR[\UDWLR%URNHQ+LOOPRGHUQKXPDQHVWLPDWHGWREHUHVXOWVLQVPDOOHUELWHIRUFH
GLIIHUHQFHVDOWKRXJK%URNHQ+LOOVWLOOJHQHUDWHVORZHUELWHIRUFHVWKDQH. sapiensUDWLRV 


±7KXVDVH[SHFWHGIRUFHSURGXFWLRQHIILFLHQF\LVORZHULQ%URNHQ+LOOWKDQLQWKH
H. sapiensPRGHOZLWKWKHUDWLRRIELWHIRUFHVWRQHWDSSOLHGPXVFOHIRUFHVLQ%URNHQ+LOO
EHLQJ±ZKLOHLQH. sapiensWKHUDWLRLV±,QFRQVHTXHQFHWKHUDWLRRIWKH
MRLQWUHDFWLRQIRUFHVWRQHWDSSOLHGPXVFOHIRUFHVLVODUJHULQ%URNHQ+LOO±WKDQLQ
H. sapiens±7DEOH

Strains 
$JDLQDVH[SHFWHGEHFDXVHRIGLIIHUHQFHVLQVL]HDQGUREXVWLFLW\SULQFLSDOVWUDLQFRQWRXU
SORWVIRUWKHWZRPRGHOV)LJVKRZWKDWH. sapiensH[SHULHQFHVVLJQLILFDQWO\KLJKHUVWUDLQV
WKDQWKRVHWKDWDULVHLQ%URNHQ+LOOZKHQWKHVDPHPXVFOHIRUFHVDUHDSSOLHG7KHGLIIHUHQFH
LVUHGXFHGDIWHUVFDOLQJSULQFLSDOVWUDLQVDFFRUGLQJWRWKHLQYHUVHRIWKHUDWLRRIIDFLDOVXUIDFH
DUHDVDQGWKHUDWLRRIPXVFOHIRUFHVDOWKRXJKWKHVFDOHG%URNHQ+LOOVWUDLQVDUHVWLOOORZHU
WKDQLQH.sapiens:KHQVFDOLQJWKHVWUDLQVRI%URNHQ+LOODFFRUGLQJWRWKHLQYHUVHRIWKH
UDWLRRIVXUIDFHDUHDVRIWKHIDFHDQGWKHUDWLRRIELWHIRUFHVWKHVWUDLQVEHFRPHJHQHUDOO\
FRPSDUDEOH7KHVWUDLQFRQWRXUSORWVVKRZWKDWLQERWKH. heidelbergensisDQGH. sapiens
WKHODUJHVWVWUDLQVDUHIRXQGLQJHQHUDOO\VLPLODUDQDWRPLFDODUHDVVXFKDVGLUHFWO\DERYHWKH
ELWHSRLQWVWKH]\JRPDWKHSRVWRUELWDOEDUDQGWKHSWHU\JRLGIRVVDH'HVSLWHWKHVH
VLPLODULWLHVWKHLQWHURUELWDOUHJLRQDQGEURZULGJHVRIH. sapiensPDQLIHVWKLJKHUVWUDLQVWKDQ
%URNHQ+LOO)LJXUH6LPLODUO\%URNHQ+LOOH[SHULHQFHVSURSRUWLRQDOO\QRWDEVROXWHO\
KLJKHUVWUDLQVLQVRPHDQDWRPLFDOUHJLRQVHJERG\RIWKH]\JRPDWLFWKDQH. sapiens
7KHVWUDLQVDWWKHODQGPDUNV)LJUHIOHFWWKHILQGLQJVRI)LJ7KXVZKHQWKHVDPH
PXVFOHIRUFHVDUHDSSOLHG%URNHQ+LOOH[SHULHQFHVORZHUVWUDLQVWKDQWKHH. sapiensPRGHO
OHIWKDQGFROXPQRISORWV$IWHUVFDOLQJIRUGLIIHUHQFHVLQPXVFOHIRUFHDQGIDFLDOVXUIDFH
DUHDVPLGGOHFROXPQGLIIHUHQFHVEHWZHHQVSHFLPHQVGHFUHDVHEXWDUHVWLOOJHQHUDOO\ORZHU
LQ%URNHQ+LOOWKDQLQWKHPRGHUQKXPDQ$IWHUVFDOLQJIRUELWHIRUFHDQGIDFLDOVXUIDFHDUHDV


ULJKWFROXPQGLIIHUHQFHVEHWZHHQWKHPRGHOVGHFUHDVHPDUNHGO\DQGEHFRPHJHQHUDOO\
FRPSDUDEOHVHH6207DEOH6IRUGHWDLOVRQH[DFWVWUDLQPDJQLWXGHV7KHSDWWHUQRI
YDULDWLRQDPRQJODQGPDUNVLQVWUDLQPDJQLWXGHVLVJHQHUDOO\VLPLODUEHWZHHQWKHWZRPRGHOV
DOWKRXJKVRPHUHJLRQVH[SHULHQFHUHODWLYHO\KLJKHUVWUDLQVLQRQHPRGHOWKDQLQWKHRWKHU
)LJDQG6207DEOH67KXVRXU)(PRGHOVRI%URNHQ+LOODQGH. sapiensH[SHULHQFH
JHQHUDOO\VLPLODUPRGHVRIGHIRUPDWLRQDOEHLWZLWKVRPHGLIIHUHQFHV+RZHYHUPDJQLWXGHV
RIGHIRUPDWLRQGLIIHUPDUNHGO\EHIRUHVFDOLQJDFFRUGLQJWRWKHLQYHUVHRIWKHUDWLRRIIDFLDO
DUHDVPXVFOHIRUFHVDQGELWHIRUFHV)LJXUH
)LJXUHVKRZVWKDWGHVSLWHVRPHVLPLODULWLHVWKHGLUHFWLRQVRIWKHPD[LPXPİDQG
PLQLPXPİSULQFLSDOVWUDLQYHFWRUVGLIIHUEHWZHHQWKHPRGHOVLQWKHGLIIHUHQWVLPXODWHG
ELWHV2YHUWKHLQIUDRUELWDOUHJLRQYHFWRUGLUHFWLRQVDUHPRUHUHJXODULQ%URNHQ+LOOWKDQLQ
WKHPRGHUQKXPDQ,QSDUWWKLVIXUWKHULQGLFDWHVGLIIHUHQFHVLQPRGHVRIGHIRUPDWLRQDQGLQ
SDUWWKLVLVGXHWRLWVPRUHLQIODWHGDQGPRUHHYHQVXUIDFHPRUSKRORJ\

Magnitudes and modes of global deformation 
,QWKH VL]HDQGVKDSHDQDO\VLVRIJOREDOGHIRUPDWLRQV)LJXUHH. sapiens DQGH. 
heidelbergensisSUHVHQWGLIIHUHQWPDJQLWXGHVDQGPRGHVRIGHIRUPDWLRQZLWKH. sapiens 
JHQHUDOO\GHIRUPLQJPRUHWKDQH. heidelbergensisODUJHUGLVWDQFHVIURPWKHPHDQXQORDGHG
FUDQLXP7KHPRGHUQKXPDQFUDQLXPFRQVLVWHQWO\SUHVHQWVORZHU3&RIYDULDQFH
YDOXHVDQGKLJKHU3&RIYDULDQFHDQG3&RIYDULDQFHYDOXHVWKDQ%URNHQ+LOO
LQHTXLYDOHQWELWHVZLWKQRRYHUODSEHWZHHQWKHWZRVSHFLPHQV)LJXUH$:DUSLQJIURP
WKHXQORDGHGFUDQLXPWRWKHORDGHGFUDQLDLQVHWVRI)LJ$VKRZVWKDWORDGLQJWKHFHQWUDO
LQFLVRUFDXVHVWKHDQWHULRUSDODWHWRGLVSODFHVXSHULRUO\UHVXOWLQJLQVKRUWHQLQJDQGZLGHQLQJ
RIWKHQRVHDQGRUELWVDVZHOODVLQIHURPHGLDOGHIOHFWLRQRIWKH]\JRPDWLFDUFKHV7KHWKLUG
SUHPRODUELWHFDXVHVLQIHURPHGLDOGHIOHFWLRQRIWKH]\JRPDWLFDUFKHVDQGURWDWLRQRIWKH


SDODWHWRJHWKHUZLWKWKHODWHUDOPDUJLQRIWKHQRVHWRZDUGVWKHZRUNLQJVLGHOHIW7KLV
UHVXOWVLQDQDV\PPHWU\EHWZHHQWKHZRUNLQJDQGEDODQFLQJVLGHVRIWKHFUDQLXPYLVLEOHLQ
WKHVKRUWHUDQGZLGHUOHIWRUELW7KHILUVWPRODUIRXUWKSUHPRODUELWHUHVXOWVLQGHIRUPDWLRQV
VLPLODUWRWKRVHLQWKHWKLUGSUHPRODUELWHZLWKDPRUHSRVWHULRUORFDWLRQRIWKHSRLQWDERXW
ZKLFKGHIOHFWLRQRIWKHGHQWDOURZRFFXUV)LJXUH$)LJXUH%VKRZVGLIIHUHQFHVLQ
GHIRUPDWLRQGXULQJWKHVDPHVLPXODWHGELWHVLQ%URNHQ+LOOUHIHUHQFHDQGWKHPRGHUQ
KXPDQWDUJHW6LQFHWKHVHGLDJUDPVVKRZGLIIHUHQFHVLQGHIRUPDWLRQWKH\VKRXOGEHUHDGDV
IROORZVUHODWLYHWR%URNHQ+LOOWKHPRGHUQKXPDQSUHVHQWVPRUHLQIHULRUGHIOHFWLRQRIWKH
]\JRPDWLFDUFKHVLQSRVWHULRUELWLQJDQGJUHDWHUGHIRUPDWLRQRIWKHH[WHUQDODVSHFWRIWKH
QDVDOFDYLW\OHVVVRLQDQWHULRUELWHV,QWKHILUVWLQFLVRUELWHH. sapiensGHYHORSVOHVV
DQWHULRUGLVSODFHPHQWRIWKHVXEQDVDOUHJLRQVHHQDVDUHODWLYHLQIHURSRVWHULRUGHIRUPDWLRQRI
WKHJULG,Q3DQG30ELWHVWKHH. sapiensFUDQLXPDOVRVKRZVPRUHURWDWLRQGHIRUPDWLRQ
RIWKHSDODWHDERXWWKHDQWHURSRVWHULRUD[LVLHPRUHYHUWLFDOGLVSODFHPHQWRIWKHZRUNLQJ
VLGHVHHQLQWKHKLJKHUSRVLWLRQRIWKHFDQLQHVDQGLQWKHVXSHULRUGHIOHFWLRQRIWKH
WUDQVIRUPDWLRQJULGLQWKLVUHJLRQ

'LVFXVVLRQ
Mechanical advantage 
7KHSUHVHQWFRPSDULVRQVRIPHFKDQLFDODGYDQWDJHVDQGIRUFHSURGXFWLRQHIILFLHQFLHVVKRZ
WKDWWKHVSHFLPHQRIH. sapiensLVPRUHHIILFLHQWDWFRQYHUWLQJPXVFOHIRUFHLQWRELWHIRUFH
WKDQWKHWZRIRVVLOVDWWULEXWHGWRH. heidelbergensis7KLVLVEHFDXVHWKHPRGHUQUHWUDFWHGDQG
RUWKRJQDWKLFIDFHVKRUWHQVWKHELWHRXWOHYHUUHODWLYHWRWKHPXVFOHLQOHYHUDUPVRIH. 
heidelbergensisFRQVLVWHQWZLWKSUHYLRXVILQGLQJVE\(QJHWDO7KLVLVVLPLODUWR
UHSRUWVIURPSUHYLRXVVWXGLHVFRPSDULQJH. sapiensDQGH. neanderthalensis$QWyQ


2¶&RQQRUHWDO(QJHWDODQGSDUDOOHOVILQGLQJVLQPRGHUQKXPDQVZLWK
RUWKRJQDWKLFYHUVXVSURJQDWKLFIDFHV7RUR,EDFDFKHHWDOF7KHILQGLQJRIVLPLODUMDZ
OHYHUPHFKDQLFVLQWKH$IULFDQ%URNHQ+LOODQGWKH(XURSHDQ3HWUDORQDFUDQLDUHIOHFWV
VLPLODULWLHVLQRYHUDOOFUDQLDOPRUSKRORJ\VKRZQPHWULFDOO\E\%DDEDQG0F1XOW\DQG
+XEOLQHWDO6LPLODULWLHVLQFUDQLRIDFLDOIRUPDQGPDVWLFDWRU\V\VWHPIXQFWLRQDO
PRUSKRORJ\VXJJHVWWKDWWKHVHFUDQLDZLOOSHUIRUPVLPLODUO\LQ)($EXWWKLVUHTXLUHVWHVWLQJ
LQIXWXUHZRUN
:HIRXQGWKDWDJUHDWHUSURSRUWLRQRIPXVFOHIRUFHLVFRQVLVWHQWO\FRQYHUWHGLQWRELWH
UHDFWLRQIRUFHVDQGOHVVLQWRUHDFWLRQIRUFHVDWWKHJOHQRLGIRVVDHLQWKHVSHFLPHQRIH. 
sapiensWKDQLQ%URNHQ+LOO,WLVZRUWKQRWLQJLQWKLVUHJDUGWKDW/HGRJDUHWDODIRXQG
WKDWPRGHUQKXPDQVKDYHKLJKELWLQJOHYHUDJHEXWWKDWWKH\H[SHULHQFHWHQVLOHMRLQWIRUFHVDW
WKHZRUNLQJVLGH7KLVOHGWKHPWRFRQFOXGHWKDWKLJKELWLQJOHYHUDJHLQKXPDQVFRXOGEHDQ
HYROXWLRQDU\E\SURGXFWRUVSDQGUHOZKLFKWKHFXUUHQWVWXG\DOVRFRQFOXGHVDORQJZLWK
/LHEHUPDQVHHODWHULQ'LVFXVVLRQ
&RQVLVWHQWZLWK(QJHWDOZHVKRZWKDWWKHSUHGLFWHGELWHIRUFHVRIWKLVVSHFLPHQ
RIH. sapiensDUHFRQVLGHUDEO\KLJKHUWKDQWKRVHIRU%URNHQ+LOO7KXVZKHQWKHVDPH
PXVFOHIRUFHVDUHDSSOLHGWKHELWHIRUFHVHVWLPDWHGIRUWKHVSHFLPHQRIH. sapiensUDQJHIURP
1WR1±JUHDWHUWKDQWKRVHHVWLPDWHGIRU%URNHQ+LOOZKLFKUDQJH
IURP1WR17KHVHFRPSDULVRQVGRQRWWDNHLQWRDFFRXQWGLIIHUHQFHVLQ
PXVFOHIRUFHVWKDWPD\KDYHH[LVWHGEHWZHHQH. heidelbergensisDQGH. sapiens7RGRVR
WKHPXVFOHIRUFHVLQ%URNHQ+LOOQHHGWREHHVWLPDWHG+RZHYHUDVQRWHGHDUOLHUWKLVFDQ
RQO\EHGRQHFUXGHO\EDVHGRQVFDOLQJRIWKHIRUFHVLQH. sapiensZLWKWKHDVVXPSWLRQVWKDW
WHPSRUDOIRVVDDUHDSUHGLFWVPXVFOHFURVVVHFWLRQDODUHDZKLFKLWOLNHO\GRHVQRWVHH7RUR
,EDFDFKHHWDODQGWKDWDVLPLODUUHODWLRQVKLSLVSUHVHQWDPRQJWKHFURVVVHFWLRQDO
DUHDVRIWKHGLIIHUHQWPDVWLFDWRU\PXVFOHVLQWKHWZRLQGLYLGXDOV'HPHVDQG&UHHO


7KLVQRWHGWKHVXUIDFHDUHDRIWKHWHPSRUDOIRVVDLQ%URNHQ+LOOLVJUHDWHUWKDQLQH. sapiens
E\VXJJHVWLQJWKDWWKHWHPSRUDOLVLQ%URNHQ+LOOKDVWKHSRWHQWLDOWRJHQHUDWHELWHIRUFHV
DERXWKLJKHUWKDQPRGHOOHGEXWVHH7RUR,EDFDFKHHWDO3RWHQWLDOHUURUVLQ
HVWLPDWLQJWKHWHPSRUDOLVDQDWRPLFDOFURVVVHFWLRQDODUHDLQFOXGLQJLQDELOLW\WRWDNHDFFRXQW
RISLQQDWLRQWRJHWKHUZLWKWKHODUJHUWKDQDYHUDJHPHGLDOSWHU\JRLGPHFKDQLFDODGYDQWDJHLQ
WKHPRGHUQKXPDQZKHQFRPSDUHGWRWKHGDWDSUHVHQWHGE\2¶&RQQRUHWDOOLNHO\
LPSDFWRQWKHHVWLPDWHVGHULYHGKHUHIRUWKHGLIIHUHQFHVLQSUHGLFWHGELWHIRUFHVEHWZHHQH. 
heidelbergensisDQGH. sapiens+RZHYHUHYHQZKHQFRQVLGHULQJWKHVHGLIIHUHQFHVRXU
VLPXODWLRQRI%URNHQ+LOOELWLQJJHQHUDWHVELWHIRUFHVWKDWDUHORZHUWKDQWKRVHRIH. sapiens
7KHUDWLRRIELWHIRUFHV7DEOHEHWZHHQWKHXQVFDOHG%URNHQ+LOOPRGHODQGWKDWRIH. 
sapiensLVVLPLODUDWWKHPRVWDQWHULRUaDQGDWWKHPRVWSRVWHULRUELWHSRLQW
7KXVWKHUHLVOLWWOHHYLGHQFHIURPWKHVHDQDO\VHVWKDW%URNHQ+LOOZDVDEOHWRJHQHUDWHELWH
IRUFHVWKDWDUHKLJKHUWKDQWKRVHLQWKHPRGHUQKXPDQ7KLVUHVXOWLVLQWHUHVWLQJLQUHODWLRQWR
PRODUFURZQDUHDDVLWKDVEHHQFODLPHGWRFRUUHODWHZLWKELWHIRUFH'HPHVDQG&UHHO
$GGLWLRQDOO\/DLUGHWDOIRXQGWKDWUHGXFHGRFFOXVDOVXUIDFHDUHDLVDVVRFLDWHGZLWK
UHGXFHGPDVWLFDWRU\HIILFLHQF\+RZHYHU(QJHWDOVKRZHGWKDWH[WDQWDQGH[WLQFW
HomoIDOOEHORZWKHWUHQGRIH[WDQWQRQKXPDQSULPDWHVDQGDXVWUDORSLWKVWKH\KDYHVPDOOHU
FURZQDUHDVWKDQZRXOGEHH[SHFWHGIURPWKHLUSUHGLFWHGELWHIRUFHV%DVHGRQGLUHFW
PHDVXUHPHQWVRIWKHILUVWWZRUHFRQVWUXFWHGPRODUVFURZQDUHDVRI%URNHQ+LOODUH
DSSUR[LPDWHO\JUHDWHUWKDQLQWKHH. sapiensPRGHODQGVRPLJKWEHH[SHFWHGWRUHIOHFW
JUHDWHUUDWKHUWKDQVPDOOHUELWHIRUFHVUHODWLYHWRPRGHUQKXPDQV7KLVLQFUHDVHGELWHIRUFH
UHODWLYHWRPRODURFFOXVDODUHDLQPRGHUQKXPDQVGHULYHVIURPRXUUHODWLYHO\VKRUWHUDQG
PRUHRUWKRJQDWKLFIDFHZKLFKLQFUHDVHVPDVWLFDWRU\HIILFLHQF\LHSURSRUWLRQRI
PDVWLFDWRU\PXVFOHIRUFHFRQYHUWHGLQWRELWHIRUFH



Craniofacial skeletal performance during biting 
2XUILQGLQJVLQGLFDWHWKDWWKHIDFLDOVNHOHWRQRI%URNHQ+LOOLVPXFKOHVVVWUDLQHGGXULQJ
ELWLQJWKDQWKDWRIWKHPRGHUQKXPDQ7KLVVWDQGVLQFRQWUDVWWRWKHILQGLQJWKDWWKHPRGHUQ
KXPDQLVPRUHHIILFLHQWDWJHQHUDWLQJELWHIRUFHVDQGPD\ZHOOKDYHJHQHUDWHGDODUJHUELWH
IRUFHWKDQWKH%URNHQ+LOOLQGLYLGXDO7KHSUHGLFWHGORZHUVWUDLQPDJQLWXGHVLQWKHIDFHRI
%URNHQ+LOODULVHQRWRQO\EHFDXVHRIORZHUPXVFOHDQGELWHIRUFHVEXWDOVREHFDXVHRIVL]H
GLIIHUHQFHV$VSUHYLRXVO\UHSRUWHGWKHIDFHRI%URNHQ+LOOLVVLJQLILFDQWO\ELJJHUDERXW
LQVXUIDFHDUHDWKDQWKHIDFHRIH. sapiens )UHLGOLQHHWDO:KHQVWUDLQVZHUH
VFDOHGDFFRUGLQJWRWKHLQYHUVHRIWKHUDWLRRIIDFLDOVXUIDFHDUHDVDQGPXVFOHIRUFHVWKH
GLVFUHSDQFLHVEHWZHHQ%URNHQ+LOODQGH. sapiensZHUHUHGXFHGEXWVWUDLQPDJQLWXGHVZHUH
VWLOOJUHDWHULQH. sapiens7KXVHYHQDFFRXQWLQJIRUVL]HDQGSRVVLEOHGLIIHUHQFHVLQPXVFOH
IRUFHV%URNHQ+LOOUHVLVWHGELWLQJIRUFHVEHWWHUWKDQH. sapiens. ,QFRQWUDVWZKHQVWUDLQV
ZHUHVFDOHGDFFRUGLQJWRWKHLQYHUVHRIWKHUDWLRRIIDFLDOVXUIDFHDUHDVDQGSUHGLFWHGELWH
IRUFHVVHH7DEOHELWHIRUFHVDSSUR[LPDWHO\RIWKRVHGHYHORSHGE\WKHH. sapiens
VSHFLPHQWKHGLVFUHSDQFLHVEHWZHHQ%URNHQ+LOODQGH. sapiensZHUHPDUNHGO\UHGXFHGDQG
VWUDLQVEHFRPHJHQHUDOO\FRPSDUDEOH)LJ7KLVLVKRZHYHUDQH[WUHPHDGMXVWPHQWWKH
PXVFOHIRUFHVUHTXLUHGWRDFKLHYHLGHQWLFDOELWHIRUFHVDUHQRWFRQVLVWHQWZLWKWKHPHDVXUHG
WHPSRUDOIRVVDDUHDDQGWKHIDFHRI%URNHQ+LOOLVLQUHDOLW\PXFKODUJHUWKDQWKDWRIWKH
PRGHUQKXPDQ
7KHVHVFDOLQJVWXGLHVUHLQIRUFHWKHSUHYLRXVILQGLQJVVXJJHVWLQJWKDWWKH%URNHQ+LOO
FUDQLXPLVUHODWLYHO\VWLIIHUWKDQZRXOGEHH[SHFWHGIRUDPRGHUQKXPDQRIVLPLODUIDFLDO
VXUIDFHDUHDDQGVRLVEHWWHUDEOHWRUHVLVWPXVFOHDQGELWLQJIRUFHV7KLVLVOLNHO\GXHWRWKH
JHQHUDOO\UREXVWVNHOHWRQRI%URNHQ+LOODQGWRDUFKLWHFWXUDOGLIIHUHQFHVVLPLODUWRWKRVH
UHSRUWHGEHWZHHQH. sapiensDQG1HDQGHUWKDOVDVEHLQJOLQNHGWRUHVLVWLQJGHQWDOORDGLQJ
5DN'HPHV7KHVHLQFOXGHWKHWDOOHUVXEQDVDODQGLQIUDRUELWDOUHJLRQVIRXQGLQ


%URNHQ+LOODQGWKHPRUHVDJLWWDOO\RULHQWDWHGDQGFRQYH[LQIUDRUELWDOSODWH7KHVH
PRUSKRORJLFDOGLIIHUHQFHVPD\ZHOODOVREHUHODWHGWRWKHGLIIHUHQFHVIRXQGLQVWUDLQ
GLUHFWLRQV
7KH*0VL]HDQGVKDSHDQDO\VLVRIJOREDOPDJQLWXGHVDQGPRGHVRIGHIRUPDWLRQ)LJXUH
VKRZVWKDWH. sapiensGHIRUPVGLIIHUHQWO\DQGWRJUHDWHUGHJUHHWKDQ%URNHQ+LOOHYHQ
ZKHQDFFRXQWLQJIRUDFWXDOGLIIHUHQFHVLQIDFLDOVL]HDQGSRVVLEOHGLIIHUHQFHVLQELWHIRUFH
7KLVLVFRQVLVWHQWZLWKWKHVWUDLQFRQWRXUSORWVDQGJUDSKV)LJXUHDQGZKLFKVKRZ
GLIIHUHQFHVLQZKLFKUHJLRQVH[SHULHQFHKLJKDQGORZVWUDLQVZLWKGLIIHUHQFHVLQVWUDLQYHFWRU
GLUHFWLRQV)LJ

6LJQLILFDQFHRIDSSDUHQWGLIIHUHQFHVEHWZHHQ%URNHQ+LOODQGDVLQJOHPRGHUQKXPDQ7KH
SUHVHQWVWXG\H[DPLQHVRQO\WZRLQGLYLGXDOVDQGVRLWLVQHFHVVDU\WRFRQVLGHUWKHH[WHQWWR
ZKLFKWKHILQGLQJVFDQEHJHQHUDOL]HGWRSRSXODWLRQV2XUILQGLQJVZLWKUHJDUGWRGLIIHUHQFHV
LQPDVWLFDWRU\OHYHUPHFKDQLFVDQGELWHIRUFHSURGXFWLRQHIILFLHQF\EHWZHHQWKHPRGHUQ
KXPDQDQG%URNHQ+LOODUHFRQVLVWHQWZLWKWKRVHRISUHYLRXVVWXGLHVDQGVRDUHXQOLNHO\WREH
GXHWRVDPSOLQJHUURU
6LPLODUO\RXUILQGLQJVZLWKUHVSHFWWR)($UHIOHFWDQGH[WHQGWKRVHRIRWKHUUHFHQW
VWXGLHV7KXVLQDQ)($DQDO\VLVVLPXODWLQJWKLUGXSSHUSUHPRODUDQGVHFRQGPRODUELWLQJ
/HGRJDUHWDODFRPSDUHGVHYHQUHFHQWKXPDQFUDQLDIURPDZLGHJHRJUDSKLFUDQJH
7KH\IRXQGWKDWGHVSLWHLQWUDVSHFLILFPRUSKRORJLFDOGLIIHUHQFHVWKHFUDQLDUHVLVWHGELWLQJ
VLPLODUO\7KHGLVWULEXWLRQVRIUHJLRQVRIKLJKDQGORZVWUDLQZHUHIRXQGWREHJHQHUDOO\
FRQVLVWHQWDFURVVDOOVSHFLPHQVIRUERWKWKHLUWKLUGSUHPRODUDQGVHFRQGPRODUELWLQJ
VLPXODWLRQV/HGRJDUHWDOD)LJVDQG)XUWKHUWKHVWUDLQFRQWRXUPDSVWKH\
REWDLQHG/HGRJDUHWDOD)LJIRUWKHWKLUGSUHPRODUELWHFORVHO\PLUURUWKRVHIRXQG
KHUHIRUWKHVDPHELWH0D[LPXPSULQFLSDOVWUDLQVRIDSSUR[LPDWHO\İDQGPLQLPXPRI


aİZHUHIRXQGDPRQJWKHLUPRGHOV7KHVHYDOXHVDUHFRPSDUDEOHWREXWQRWWKHVDPH
DVIRXQGLQRXUPRGHUQKXPDQ+RZHYHUDVQRWHGHDUOLHUJUHDWFDUHPXVWEHWDNHQZKHQ
FRPSDULQJSUHGLFWHGVWUDLQPDJQLWXGHVDPRQJPRGHOVEXLOWXVLQJGLIIHUHQWSURWRFROVDQG
SURWRFROVFHUWDLQO\GLIIHUEHWZHHQWKHSUHVHQWVWXG\DQGWKDWRI/HGRJDUHWDOD,Q
SDUWLFXODUWKHLUPRGHOVDUHEXLOWZLWKDZLGHUDQJHRIPDWHULDOSURSHUWLHVZKHUHDVRXUVDUH
VLPSOLILHGWRFRQVLVWRIDVLQJOHKRPRJHQRXVLVRWURSLFPDWHULDOEDVHGRQWKHSULRUYDOLGDWLRQ
DQGVHQVLWLYLW\ZRUNRI7RUR,EDFDFKHHWDODDQG*RGLQKRHWDO
/LNHZLVH7RUR,EDFDFKHHWDOFSHUIRUPHG)($VXVLQJWKHVDPHSURWRFRODVLQWKH
SUHVHQWVWXG\RQWZRFUDQLDUHSUHVHQWLQJWKHH[WUHPHVRIVKDSHYDULDWLRQLQDVDPSOHRI
DGXOWPRGHUQKXPDQV)RULGHQWLFDOELWHIRUFHVRI1DWWKHFHQWUDOLQFLVRUVDQG1DW
07RUR,EDFDFKHHWDOFDOVRIRXQGDVLPLODUGLVWULEXWLRQRIVWUDLQVEHWZHHQWKHWZR
LQGLYLGXDOVFRPSDUDEOHZLWKRWKHUVWXGLHVLQKXPDQDQGQRQKXPDQSULPDWHV3HDNVWUDLQV
IRUWKHVHVDPHLQGLYLGXDOVORDGHGZLWKWKHLURZQPXVFOHIRUFHVLHQRWQHFHVVDULO\
JHQHUDWLQJLGHQWLFDOELWHIRUFHVUDQJHGIURPaİİDQGİIRU,ELWHVDQGa
İİDQGİIRU0ELWHV
7KHVWUDLQPDJQLWXGHVDQGVWUDLQFRQWRXUPDSVIURPSUHPRODUELWHVSUHVHQWHGLQ/HGRJDU
HWDODDQG7RUR,EDFDFKHHWDOFDUHFRPSDUDEOHZLWKWKRVHGHYHORSHGLQRXU
VLQJOHPRGHUQKXPDQPRGHOZLWKPD[LPXPSULQFLSDOVWUDLQİRIİDQGPLQLPXP
İRIİ,QFRPSDULVRQ%URNHQ+LOOORDGHGZLWKWKHVDPHPXVFOHIRUFHVDVRXU
PRGHUQKXPDQDFKLHYHVLQSUHPRODUELWHDPD[LPXPSULQFLSDOVWUDLQİRIİDQG
PLQLPXPİRIİ7KHVHILJXUHVDUHDSSUR[LPDWHO\DQGUHVSHFWLYHO\RI
WKRVHDFKLHYHGLQRXUPRGHUQKXPDQPRGHOEXLOWXVLQJLGHQWLFDOSURWRFROV7KLVVXSSRUWVRXU
FRQFOXVLRQWKDWWKHVWUDLQVGHYHORSHGLQ%URNHQ+LOODUHVXEVWDQWLDOO\OHVVWKDQWKRVHIRXQGLQ
PRGHUQKXPDQVGXULQJVLPXODWHGELWLQJ


,GHQWLFDOPRGHOOLQJDQGORDGLQJSURWRFROVWRWKRVHXVHGLQWKLVVWXG\ZHUHDOVRXVHGLQD
UHODWHGVWXG\7RUR,EDFDFKH7ZHQW\FUDQLDZHUHUHFRQVWUXFWHGIURPFOLQLFDO&7VRI
OLYLQJ&KLOHDQV)(PRGHOVRIIRXULQGLYLGXDOVUHSUHVHQWLQJWKHH[WUHPHVRIYDULDWLRQ
LQFOXGLQJVH[GLIIHUHQFHVDVDVVHVVHGE\3&$ZHUHEXLOWDQGORDGHG7KHUHVXOWLQJVWUDLQ
PDSVYDU\LQZD\VWKDWDUHYHU\VLPLODUWRWKRVHIRXQGE\/HGRJDUHWDODLQGLFDWLQJ
VLPLODUPRGHVDQGPDJQLWXGHVRIGHIRUPDWLRQ)XUWKHUWKHPRGHUQKXPDQFUDQLXPXVHGLQ
WKHSUHVHQWVWXG\LVXQUHPDUNDEOHLQWHUPVRIVWUDLQPDJQLWXGHVDQGWKHGLVWULEXWLRQRI
UHJLRQVRIKLJKDQGORZVWUDLQV7KLVJLYHVXVFRQILGHQFHWKDWRXUPRGHUQKXPDQPRGHO
EHKDYHVLQDQXQH[FHSWLRQDOZD\ZKHQFRPSDUHGWRRWKHUPRGHUQKXPDQV,QFRQWUDVWWKH
%URNHQ+LOOFUDQLXPGHYHORSVSHDNVWUDLQVWKDWDUHDSSUR[LPDWHO\KDOIRIWKHPDJQLWXGHRI
WKRVHGHYHORSHGLQPRGHUQKXPDQVDQGWKHDYHUDJHVWUDLQVDWDOOVDPSOHGORFLDUH
DSSUR[LPDWHO\RIWKRVHIRXQGLQWKHPRGHUQKXPDQ,QFRQVHTXHQFHZHDUHFRQILGHQW
WKDWWKHGLIIHUHQFHVZHHVWLPDWHLQRYHUDOOVWUDLQPDJQLWXGHVEHWZHHQWKHVSHFLPHQRIH. 
sapiensDQG%URNHQ+LOOUHIOHFWDUHDOGLIIHUHQFHEHWZHHQJURXSVDVRSSRVHGWR
LQWHULQGLYLGXDOYDULDWLRQZLWKLQDJURXS

Is increased biting efficiency in modern humans the result of adaptation? 
7KHSUHVHQWILQGLQJVDUHFRQVLVWHQWZLWKSUHYLRXVVWXGLHVWKDWKDYHFRPSDUHGH. sapiens
ZLWKH. heidelbergensisDQG1HDQGHUWKDOVLQWKDWPRGHUQKXPDQVDSSHDUPRUHHIILFLHQWDW
FRQYHUWLQJPXVFOHIRUFHVLQWRELWHIRUFHVGXHWRDUHWUDFWHGDQGRUWKRJQDWKLFIDFH$QWyQ
2¶&RQQRUHWDO/LHEHUPDQ(QJHWDO$QWyQDQG
(QJHWDOIRXQGWKDWH. sapiensLVDEOHWRSURGXFHKLJKHUDEVROXWHELWHIRUFHVWKDQ
1HDQGHUWKDOVZKLOH2¶&RQQRUHWDOHVWLPDWHGWKDW1HDQGHUWKDOVJHQHUDWHKLJKHU
DEVROXWHELWHIRUFHVWKDQUHFHQWJUDFLOHPRGHUQKXPDQVDQGFRPSDUDEOHWRHDUO\DQGUHFHQW


UREXVWH. sapiensEHFDXVHRILQFUHDVHGPXVFOHIRUFHV)DFLDOUHGXFWLRQLQH. sapiensZKLFK
LQFUHDVHVPHFKDQLFDOHIILFLHQF\LQELWHIRUFHJHQHUDWLRQKDVEHHQVXJJHVWHGWREH
DFFRPSDQLHGE\WKHFUDQLXPRIH. sapiensEHLQJJHQHUDOO\OHVVDEOHWRUHVLVWPDVWLFDWRU\RU
SDUDPDVWLFDWRU\IXQFWLRQDOORDGLQJ5DN'HPHV/LHEHUPDQ
/HGRJDUHWDOD7KLVWRJHWKHUZLWKDGHFUHDVHLQWKHSURSRUWLRQRIIDVWWZLWFKPXVFOH
ILEUHV6WHGPDQHWDOUHODWLYHWRDSHVDQGVL]HUHGXFWLRQRIPDVWLFDWRU\PXVFOHV
'HPHVDQG&UHHO$QWyQ2¶&RQQRUHWDOOHG/LHEHUPDQWR
SURSRVHWKDWVHOHFWLRQRIWKHVHDQDWRPLFDOIHDWXUHVLVOLNHO\XQUHODWHGWRPDVWLFDWLRQDQG
LQFUHDVHGPHFKDQLFDODGYDQWDJHLQH. sapiens
7KHKXPDQFUDQLXPVKRZVDGHJUHHRILQWHJUDWLRQ%DVWLUDQG5RVDV
/LHEHUPDQ1HDX[HWDOZKLFKLPSOLHVWKDWHYROXWLRQDU\DQG
DGDSWLYHFKDQJHVLQRQHFRPSRQHQWRIWKHFUDQLXPLPSDFWRWKHUFRPSRQHQWV/LHEHUPDQ
$VVXFKFKDQJHVLQIDFLDOPRUSKRORJ\WKURXJKRXWKRPLQLQHYROXWLRQKDYHEHHQ
VXJJHVWHGWREHUHODWHGWRPXOWLSOHIDFWRUVLQFOXGLQJH[SDQVLRQRIWKHEUDLQDQGDQLQFUHDVHG
FUDQLDOEDVHDQJOH(QORZDQG+DQV/LHEHUPDQHWDO/LHEHUPDQ
WKHUPRUHJXODWLRQDQGDLUFRQGLWLRQLQJ&RRQ:ROSRII&DUH\DQG6WHHJPDQQ
)UDQFLVFXVDQG7ULQNDXVSUHSURFHVVLQJRIIRRG&DUOVRQ&DUOVRQDQG
9DQ*HUYHQVWDELOL]DWLRQRIWKHKHDGGXULQJUXQQLQJ/LHEHUPDQDQG
UHGXFWLRQLQVL]HRIWKHGHQWLWLRQ%UDFH%UDFHDQG0DKOHU%UDFHHWDO
'LVWLQJXLVKLQJWKHSRVVLELOLWLHVWKDWHYROXWLRQDU\RULJLQRIIDFLDOUHGXFWLRQUHWUDFWLRQDQG
RUWKRJQDWK\LVWKHRXWFRPHRISRVLWLYHVHOHFWLRQDQGDGDSWDWLRQIURPWKHDOWHUQDWLYHWKDWWKH\
DUHDQHYROXWLRQDU\E\SURGXFW*RXOGDQG/HZRQWLQ/LHEHUPDQLV
WKHUHIRUHH[WUHPHO\GLIILFXOW,QIDFWUHODWLYHWRLQFUHDVHGELWHIRUFHHIILFLHQF\DQGFDSDELOLW\
WKHIDFLDOUHGXFWLRQRIH. sapiens PD\EHDQH[DSWDWLRQVHQVX*RXOGDQG9UEDLHD
IHDWXUHFRRSWHGGXULQJHYROXWLRQWRSHUIRUPVXFKIXQFWLRQWKHUHE\LQFUHDVLQJILWQHVV


LUUHVSHFWLYHRIZKHWKHULWZDVRULJLQDOO\VHOHFWHGWRSHUIRUPDQRWKHUIXQFWLRQRUZKHWKHULW
HYROYHGDVDQRQDGDSWLYHE\SURGXFW3UHSURFHVVLQJRIIRRGLWHPVVHHEHORZPD\KDYH
SUHFOXGHGWKHQHHGWRJHQHUDWHDQGRUXVHVXFKKLJKELWHIRUFHVDQGVRWKHQRWLRQWKDWWKLV
DELOLW\PLJKWKDYHEHHQVHOHFWLYHO\DGYDQWDJHRXVWKHUHE\GLVFRXQWLQJLWDVDUHVXOWRIHLWKHU
DGDSWDWLRQRUH[DSWDWLRQ
,QDGGLWLRQJHQHWLFGULIWKDVEHHQVXJJHVWHGWRLPSDFWRQWKHRYHUDOOFUDQLDOPRUSKRORJ\
RIHDUO\Homo$FNHUPDQQDQG&KHYHUXGDQGLQPRGHUQKXPDQV:HDYHUHWDO
:HDYHUDQG6WULQJHUDOEHLWOHVVVRLQVSHFLILFDQDWRPLFDOUHJLRQVVXFKDVWKH
QRVH5RVHPDQDQG:HDYHUZKLFKIXOILOVIXQFWLRQVUHODWHGWRPHWDEROLFDHURELF
GHPDQGV/LQGVD\%DVWLUDQG5RVDVROIDFWLRQ/LQGVD\%DVWLUDQG
5RVDVWKHUPRUHJXODWLRQ7ULQNDXVE'HDQ)UDQFLVFXVDQG7ULQNDXV
DQGFRQGLWLRQLQJRIUHVSLUHGDLU)UDQFLVFXVDQG/RQJ<RNOH\
/LHEHUPDQ1REDFNHWDO5HGXFWLRQRIWKHVL]HRIWKHQDVDOFDYLW\LQH. sapiens
LQHYLWDEO\LPSDFWVPLGIDFLDOPRUSKRORJ\DQGWKHUHIRUHELWLQJSHUIRUPDQFH7KLVUHGXFWLRQ
PD\KDYHDULVHQWKURXJKQHXWUDOHYROXWLRQDU\SURFHVVHVRUVHOHFWLRQDOWKRXJKLWLVQRWFOHDU
ZKDWWKHVHOHFWLYHSUHVVXUHVPLJKWKDYHEHHQ$OWHUQDWLYHO\DODUJHPLGIDFHDQGWDOOGHHS
QDVDOFDYLW\PD\KDYHEHHQSRVLWLYHO\VHOHFWHGIRULQDUFKDLFHomoZLWKDODUJHQDVDOFDYLW\
EHLQJUHTXLUHGHLWKHUIRUDLUFRQGLWLRQLQJRUWRDFFRPPRGDWHWKHPHWDEROLFGHPDQGVRID
SRVVLEO\ODUJHUERG\LQRWKHUH[WLQFWVSHFLHVRIHomo<RNOH\HWDO/LHEHUPDQ
&KXUFKLOOEXWVHHIRUOLPLWDWLRQVRIERG\PDVVHVWLPDWLRQIURPVNHOHWDOHOHPHQWV
(OOLRWHWDO+H\HVDQG0DF'RQDOGDQGWKHUHIRUHPLJKWKDYHFRQVWUDLQHGWKH
IRUPDQGVRIXQFWLRQLQJRIWKHPDVWLFDWRU\V\VWHP7KXVDODUJHUPLGIDFHOHDGVWR
PHFKDQLFDODGYDQWDJHVRIWKHPDVWLFDWRU\PXVFOHVLQH. heidelbergensisWKDWDUHOHVVWKDQ
WKRVHLQVXEVHTXHQWH. sapiens, ZKHUHWKLVFRQVWUDLQWLVUHOHDVHG,IWKHPRUSKRORJ\RIWKH
QRVHZDVLQGHHGFRQVWUDLQHGLQH. heidelbergensisDQGWKHFRQVWUDLQWZDVUHOHDVHGLQH. 


sapiensHQDEOLQJPLGIDFLDOUHWUDFWLRQWKHQWKHLQFUHDVHGELWLQJSUHFLVLRQDQGIRUFH
SURGXFWLRQHIILFLHQF\RIPRGHUQKXPDQVZRXOGEHDQLQFLGHQWDOFRQVHTXHQFHRIFKDQJHVLQ
PLGIDFLDOPRUSKRORJ\
$QDOWHUQDWLYHHYROXWLRQDU\VFHQDULRIRUPLGIDFLDOUHGXFWLRQKDVEHHQSURSRVHGLQZKLFK
FXOWXUDOO\DFTXLUHGIRRGSURFHVVLQJWHFKQRORJLHVZRXOGKDYHUHGXFHGVHOHFWLYHSUHVVXUHRQ
WKHMDZVWRUHVLVWODUJHDQGRUUHSHWLWLYHPDVWLFDWRU\ORDGLQJHJ=LQNDQG/LHEHUPDQ
)URPWKLVSHUVSHFWLYHLWFRXOGEHDUJXHGWKDWWKHSUHSURFHVVLQJRIIRRGWRVRIWHQRU
EUHDNLWXSDOVRUHOHDVHVFRQVWUDLQWVRQWKHQHHGIRUZLGHJDSHVDQGVRODUJHUMDZV
DGYDQWDJHRXVLQWKHRUDODFTXLVLWLRQRIODUJHIRRGLWHPVVHHDOVR=LQNDQG/LHEHUPDQ
ZLWKUHJDUGWRWKHLPSDFWRIVOLFLQJIRRGLWHPVIRUFKHZLQJHIILFLHQF\LQHDUO\Homo
+RZHYHUIXUWKHUUHVHDUFKLVQHHGHGWRLQYHVWLJDWHWKHSRWHQWLDOWUDGHRIIEHWZHHQIDFLDO
UHGXFWLRQLHDQWHURSRVWHULRUOHQJWKRIWKHQDVDOFDYLW\DQGPD[LOODJDSHDQGELWLQJIRUFH
DQGWKHLULQWHUDFWLRQZLWKIRRGSUHSDUDWLRQWHFKQRORJLHVDPRQJDUFKDLFDQGPRGHUQKXPDQV
:KLFKHYHUK\SRWKHVLVLVFRUUHFWWKHMDZVRIPRGHUQKXPDQVVKRZDPLVPDWFKEHWZHHQ
LQFUHDVHGPHFKDQLFDODGYDQWDJHDQGSRWHQWLDOPD[LPXPELWHIRUFHVRQWKHRQHKDQGDQGQR
FRQVLVWHQWO\LQFUHDVHGDELOLW\WRUHVLVWIRUFHVRQWKHRWKHUHYHQFRQVLGHULQJGLIIHUHQFHVLQ
IDFLDOVL]HDQGPXVFOHIRUFH7KLVLVEHFDXVHWKHMDZVDUHUDUHO\LIHYHUWDVNHGZLWK
JHQHUDWLQJDQGUHVLVWLQJPD[LPDOELWHIRUFHVDQGLQGHHGROGHUPRGHUQDQGIRVVLOHomo
HGHQWXORXVLQGLYLGXDOVGHPRQVWUDWHWKDWWKHVXUYLYDORIKXPDQVLVOHVVGHSHQGHQWRQ
PDVWLFDWRU\V\VWHPPHFKDQLFDOIXQFWLRQLQJWKDQRQIRRGSUHSDUDWLRQ
,WLVZRUWKQRWLQJWZRSRWHQWLDOFRQVHTXHQFHVRIIDFLDOUHGXFWLRQLQH. sapiens. 7KHILUVWLV
DGLUHFWRXWFRPHRIH. sapiensSRVVHVVLQJVKRUWHURXWUHODWLYHWRLQOHYHUVZKHQFRPSDUHGWR
H. heidelbergensis7KHPHFKDQLFDODGYDQWDJHV7DEOHRIPDVWLFDWRU\PXVFOHVLQLQFLVRU
ELWHVGLIIHUE\±ZLWKDQDYHUDJHRILQGLFDWLQJWKDWSUHFLVLRQRIPHFKDQLFDO 
FRQWURORILQFLVRUVLVDSSUR[LPDWHO\±JUHDWHULQWKHPRGHUQKXPDQPRGHO7KH


VLJQLILFDQFHRIWKLVZLWKUHJDUGWRIHHGLQJDQGXVHRIWKHDQWHULRUGHQWLWLRQDVWRROVLV
XQNQRZQEXWLVDQLQWHUHVWLQJTXHVWLRQIRUIXWXUHVWXGLHV7KHVHFRQGSRVVLEOHDQDWRPLFDO
FRQVHTXHQFHRIPLGIDFLDOUHGXFWLRQLQH. sapiensLVWKHGHYHORSPHQWRIWKHFKLQ,WVSUHVHQFH
KDVEHHQDVVRFLDWHGZLWKPXOWLSOHIDFWRUV+RURZLW]:ROII,FKLPHWDO
7KD\HUDQG'REVRQ3DPSXVKDQGZLWKPHFKDQLFDOGHPDQGVGXULQJELWLQJDQG
PDVWLFDWLRQ'DHJOLQJ'REVRQDQG7ULQNDXV*URQLQJHWDO+RZHYHU
UHFHQWVWXGLHVTXHVWLRQWKHH[WHQWWRZKLFKWKHPRGHUQKXPDQV\PSK\VLVDQGFKLQDUH
RSWLPL]HGWRUHVLVWPDVWLFDWRU\V\VWHPORDGVDQGVXJJHVWWKDWUDWKHUWKDQEHLQJDGDSWLYHLW
PD\EHDE\SURGXFW+ROWRQHWDO3DPSXVKDQG'DHJOLQJRIPLGIDFLDO
UHGXFWLRQ,QWKLVVFHQDULRPLGIDFLDOUHGXFWLRQUHVXOWVLQSRVWHULRUUHWUDFWLRQRIWKHDOYHROXV
UHODWLYHWRWKHEDVDOSDUWRIWKHPDQGLEOHGXHWRRFFOXVDOLQWHUORFNLQJDQGWKLVLV
DFFRPPRGDWHGE\UHVRUSWLYHDFWLYLW\LQWKHDOYHRODUUHJLRQZLWKGHSRVLWLRQDODFWLYLW\LQWKH
EDVDO(QORZDQG+DQVDSDWWHUQRIUHPRGHOOLQJWKDWPD\ZHOOFRYDU\ZLWKWKH
SUHVHQFHRIDFKLQDPRQJUHFHQWKRPLQLQV/DFUX]HWDO
5HJDUGOHVVRIWKHFDXVHVRIPLGIDFLDOUHWUDFWLRQLQH. sapiensLWLVFOHDUWKDWWKH
PDVWLFDWRU\V\VWHPRIPRGHUQKXPDQVFRQYHUWVPXVFOHLQWRELWHIRUFHVPRUHHIILFLHQWO\\HW
LVQRWEHWWHUDEOHWRUHVLVWWKHVHIRUFHVWKDQLQWKHK\SRWKHVL]HGDQFHVWUDOVSHFLHVH. 
heidelbergensis

&RQFOXVLRQV
2XUUHVXOWVDUHFRQVLVWHQWZLWKSUHYLRXVVWXGLHVVKRZLQJWKDWH. sapiensLVPRUHHIILFLHQW
LQFRQYHUWLQJPXVFOHIRUFHLQWRELWHIRUFHWKDQLWVK\SRWKHVL]HGDQFHVWUDOVSHFLHVH. 
heidelbergensis7KLVUHVXOWVLQJUHDWHUSUHGLFWHGELWHIRUFHVLQWKHPRGHUQKXPDQWKDQLQ
%URNHQ+LOO&RQYHUVHO\WKHH. sapiensPRGHOVKRZVGHFUHDVHGDELOLW\WRUHVLVWPDVWLFDWRU\
ORDGLQJZKHQVL]HDQGPXVFOHIRUFHGLIIHUHQFHVDUHDFFRXQWHGIRUWKXVVXJJHVWLQJWKDW


LQFUHDVHGPDVWLFDWRU\HIILFLHQF\LVDQLQFLGHQWDOUHVXOWRIIDFLDOUHGXFWLRQZKLFKPD\EH
GULYHQE\RWKHUIDFWRUVDQGSODXVLEO\KDGRWKHUFRQVHTXHQFHVVXFKDVWKHIRUPDWLRQRIDFKLQ
:KDWWKHVHIDFWRUVDUHDQGLIWKH\WKHPVHOYHVDUHWKHUHVXOWRIDGDSWDWLRQUDWKHUWKDQQHXWUDO
HYROXWLRQDU\SURFHVVHVUHTXLUHVIXUWKHUVWXG\

$FNQRZOHGJHPHQWV
5LFDUGR0LJXHO*RGLQKRZDVIXQGHGE\WKH3RUWXJXHVH)RXQGDWLRQIRU6FLHQFHDQG
7HFKQRORJ\)&73K'IXQGLQJUHIHUHQFH6)5+%'&KULV6WULQJHU¶VUHVHDUFK
LVVXSSRUWHGE\WKH&DOOHYD)RXQGDWLRQDQGWKH+XPDQ2ULJLQV5HVHDUFK)XQGRIWKH1DWXUDO
+LVWRU\0XVHXP:HWKDQN5REHUW.UXV]\QVNL1DWXUDO+LVWRU\0XVHXP/RQGRQ8.IRU
DFFHVVWRWKH&7VFDQRI%URNHQ+LOO,DQGWRWKHRULJLQDOIRVVLO:HWKDQN3URIHVVRU*HUKDUG
:HEHU'HSDUWPHQWRI$QWKURSRORJ\8QLYHUVLW\RI9LHQQD$XVWULDDQG3URIHVVRU*HRUJH'
.RXIRV'HSDUWPHQWRI*HRORJ\$ULVWRWOH8QLYHUVLW\RI7KHVVDORQLNL*UHHFHIRUDFFHVVWR
WKH&7VFDQRI3HWUDORQD:HDUHJUDWHIXOWR'U:LOOLDP6HOOHUV8QLYHUVLW\RI0DQFKHVWHU
8.IRUSURYLGLQJXVZLWKDFFHVVWRVRIWZDUHLQKLVODERUDWRU\WRIDFLOLWDWHPHVK
UHFRQVWUXFWLRQRIIRVVLOVDQGWR3URIHVVRU&KULV.OLQJHQEHUJDOVRRIWKH8QLYHUVLW\RI
0DQFKHVWHUIRUYLJRURXVGLVFXVVLRQVWKDWLPSURYHGWKH620RIWKLVSDSHU.

5HIHUHQFHV
$FNHUPDQQ55&KHYHUXG-0'HWHFWLQJJHQHWLFGULIWYHUVXVVHOHFWLRQLQKXPDQ
HYROXWLRQ3URFHHGLQJVRIWKH1DWLRQDO$FDGHP\RI6FLHQFHV±
$QWyQ6&1HDQGHUWDOVDQGWKHDQWHULRUGHQWDOORDGLQJK\SRWKHVLVDELRPHFKDQLFDO
HYDOXDWLRQRIELWHIRUFHSURGXFWLRQ.URHEHU$QWKURSRORJLFDO6RFLHW\3DSHUV±
±


$QWyQ6&7HQGRQDVVRFLDWHGERQHIHDWXUHVRIWKHPDVWLFDWRU\V\VWHPLQ
1HDQGHUWDOV-RXUQDORI+XPDQ(YROXWLRQ±
%DDE./0F1XOW\.36L]HVKDSHDQGDV\PPHWU\LQIRVVLOKRPLQLQV7KHVWDWXV
RIWKH/%FUDQLXPEDVHGRQ'PRUSKRPHWULFDQDO\VHV-RXUQDORI+XPDQ(YROXWLRQ
±
%DVWLU05RVDV$+LHUDUFKLFDOQDWXUHRIPRUSKRORJLFDOLQWHJUDWLRQDQGPRGXODULW\
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$PHULFDQ-RXUQDORI3K\VLFDO$QWKURSRORJ\±
1HDX['0RUSKRORJLFDOLQWHJUDWLRQRIWKHFUDQLXPLQHomoPanDQGHylobatesDQG
WKHHYROXWLRQRIKRPLQRLGIDFLDOVWUXFWXUHV$PHULFDQ-RXUQDORI3K\VLFDO
$QWKURSRORJ\±
1REDFN0/+DUYDWL.6SRRU)&OLPDWHUHODWHGYDULDWLRQRIWKHKXPDQQDVDO
FDYLW\$PHULFDQ-RXUQDORI3K\VLFDO$QWKURSRORJ\±


2¶&RQQRU&))UDQFLVFXV5*+ROWRQ1(%LWHIRUFHSURGXFWLRQFDSDELOLW\DQG
HIILFLHQF\LQQHDQGHUWDOVDQGPRGHUQKXPDQV$PHULFDQ-RXUQDORI3K\VLFDO
$QWKURSRORJ\±
2¶+LJJLQV3&REE61)LWWRQ/&*URQLQJ)3KLOOLSV5/LX-)DJDQ0-
&RPELQLQJJHRPHWULFPRUSKRPHWULFVDQGIXQFWLRQDOVLPXODWLRQDQHPHUJLQJWRRONLW
IRUYLUWXDOIXQFWLRQDODQDO\VHV-RXUQDORI$QDWRP\±
2¶+LJJLQV3)LWWRQ/&3KLOOLSV56KL-)/LX-*URQLQJ)&REE61)DJDQ
0-9LUWXDOIXQFWLRQDOPRUSKRORJ\QRYHODSSURDFKHVWRWKHVWXG\RI
FUDQLRIDFLDOIRUPDQGIXQFWLRQ(YROXWLRQDU\%LRORJ\±
2¶+LJJLQV30LOQH1$SSO\LQJJHRPHWULFPRUSKRPHWULFVWRFRPSDUHFKDQJHVLQ
VL]HDQGVKDSHDULVLQJIURPILQLWHHOHPHQWVDQDO\VHV+\VWUL[±
3DPSXVK-'6HOHFWLRQSOD\HGDUROHLQWKHHYROXWLRQRIWKHKXPDQFKLQ-RXUQDORI
+XPDQ(YROXWLRQ±
3DPSXVK-''DHJOLQJ'-7KHHQGXULQJSX]]OHRIWKHKXPDQFKLQ(YROXWLRQDU\
$QWKURSRORJ\,VVXHV1HZVDQG5HYLHZV±
5DN<7KH1HDQGHUWKDO$QHZORRNDWDQROGIDFH-RXUQDORI+XPDQ(YROXWLRQ
±
5LJKWPLUH*3+XPDQHYROXWLRQLQWKHPLGGOH3OHLVWRFHQH7KHUROHRIHomo 
heidelbergensis(YROXWLRQDU\$QWKURSRORJ\,VVXHV1HZVDQG5HYLHZV±
5LJKWPLUH*3Homo erectusDQG0LGGOH3OHLVWRFHQHKRPLQLQV%UDLQVL]HVNXOO
IRUPDQGVSHFLHVUHFRJQLWLRQ-RXUQDORI+XPDQ(YROXWLRQ±
5RVDV$0DUWLQH]0D]D&%RQHUHPRGHOLQJRIWKHHomo heidelbergensis
PDQGLEOHWKH$WDSXHUFD6+VDPSOH-RXUQDORI+XPDQ(YROXWLRQ±
5RVHPDQ&&:HDYHU7'0XOWLYDULDWHDSSRUWLRQPHQWRIJOREDOKXPDQ
FUDQLRPHWULFGLYHUVLW\$PHULFDQ-RXUQDORI3K\VLFDO$QWKURSRORJ\±


5RVV&)3DWHO%$6OLFH'(6WUDLW'6'HFKRZ3&5LFKPRQG%*6SHQFHU
0$0RGHOLQJPDVWLFDWRU\PXVFOHIRUFHLQILQLWHHOHPHQWDQDO\VLV6HQVLWLYLW\
DQDO\VLVXVLQJSULQFLSDOFRRUGLQDWHVDQDO\VLV7KH$QDWRPLFDO5HFRUG$±
6FKPLGW1LHOVHQ.6FDOLQJ:K\,V$QLPDO6L]HVR,PSRUWDQW"&DPEULGJH
8QLYHUVLW\3UHVV&DPEULGJH
6FKZDUW]'DEQH\&/'HFKRZ3&9DULDWLRQVLQFRUWLFDOPDWHULDOSURSHUWLHV
WKURXJKRXWWKHKXPDQGHQWDWHPDQGLEOH$PHULFDQ-RXUQDORI3K\VLFDO$QWKURSRORJ\
±
6FKZDUW]-+7DWWHUVDOO,7KH+XPDQ)RVVLO5HFRUG9ROXPH7ZR&UDQLRGHQWDO
0RUSKRORJ\RI*HQXVHomo $IULFDDQG$VLD:LOH\/LVV+RERNHQ
6PLWK$/%HQD]]L6/HGRJDU-$7DPYDGD.3U\RU6PLWK/&:HEHU*:
6SHQFHU0$/XFDV3:0LFKDHO66KHNHEDQ$$OǦ)DGKDODK.7KH
IHHGLQJELRPHFKDQLFVDQGGLHWDU\HFRORJ\RIParanthropus boisei7KH$QDWRPLFDO
5HFRUG±
6SHQFHU0$'HPHV%%LRPHFKDQLFDODQDO\VLVRIPDVWLFDWRU\V\VWHP
FRQILJXUDWLRQLQ1HDQGHUWDOVDQG,QXLWV$PHULFDQ-RXUQDORI3K\VLFDO$QWKURSRORJ\
±
6WHGPDQ++.R]\DN%:1HOVRQ$7KHVLHU'06X/7/RZ':%ULGJHV
&56KUDJHU-%0LQXJK3XUYLV10LWFKHOO0$0\RVLQJHQHPXWDWLRQ
FRUUHODWHVZLWKDQDWRPLFDOFKDQJHVLQWKHKXPDQOLQHDJH1DWXUH±
6WUDLW'6*URVVH,5'HFKRZ3&6PLWK$/:DQJ4:HEHU*:1HXEDXHU6
6OLFH'(&KDON-5LFKPRQG%*/XFDV3:6SHQFHU0$6FKUHLQ&
:ULJKW%:%\IWRQ&5RVV&)7KHVWUXFWXUDOULJLGLW\RIWKHFUDQLXPRI
Australopithecus africanusLPSOLFDWLRQVIRUGLHWGLHWDU\DGDSWDWLRQVDQGWKH
DOORPHWU\RIIHHGLQJELRPHFKDQLFV7KH$QDWRPLFDO5HFRUG±


6WUDLW'65LFKPRQG%*6SHQFHU0$5RVV&)'HFKRZ3&:RRG%$
0DVWLFDWRU\ELRPHFKDQLFVDQGLWVUHOHYDQFHWRHDUO\KRPLQLGSK\ORJHQ\DQ
H[DPLQDWLRQRISDODWDOWKLFNQHVVXVLQJILQLWHHOHPHQWDQDO\VLV-RXUQDORI+XPDQ
(YROXWLRQ±
6WUDLW'6:HEHU*:1HXEDXHU6&KDON-5LFKPRQG%*/XFDV3:6SHQFHU
0$6FKUHLQ&'HFKRZ3&5RVV&)*URVVH,5:ULJKW%:
&RQVWDQWLQR3:RRG%$/DZQ%+\ODQGHU:/:DQJ4%\URQ&6OLFH
'(6PLWK$/7KHIHHGLQJELRPHFKDQLFVDQGGLHWDU\HFRORJ\RI
Australopithecus africanus3URFHHGLQJVRIWKH1DWLRQDO$FDGHP\RI6FLHQFHVRIWKH
8QLWHG6WDWHVRI$PHULFD±
6WULQJHU&%6RPHIXUWKHUQRWHVRQWKHPRUSKRORJ\DQGGDWLQJRIWKH3HWUDORQD
KRPLQLG-RXUQDORI+XPDQ(YROXWLRQ±
6WULQJHU&7KHVWDWXVRIHomo heidelbergensis6FKRHWHQVDFN(YROXWLRQDU\
$QWKURSRORJ\,VVXHV1HZVDQG5HYLHZV±
6WULQJHU&7KHRULJLQDQGHYROXWLRQRIHomo sapiens3KLORVRSKLFDO7UDQVDFWLRQVRI
WKH5R\DO6RFLHW\%%LRORJLFDO6FLHQFHV
7DSSHQ1&7KHYHUPLFXODWHVXUIDFHSDWWHUQRIEURZULGJHVLQ1HDQGHUWDODQG
PRGHUQFUDQLD$PHULFDQ-RXUQDORI3K\VLFDO$QWKURSRORJ\±
7KD\HU=0'REVRQ6'6H[XDOGLPRUSKLVPLQFKLQVKDSHLPSOLFDWLRQVIRU
DGDSWLYHK\SRWKHVHV$PHULFDQ-RXUQDORI3K\VLFDO$QWKURSRORJ\±
7RUR,EDFDFKH90DQULTXH]6RWR*2¶+LJJLQV3&UDQLDOIRUPDQGPDVWLFDWRU\
ELRPHFKDQLFVILQLWHHOHPHQWVLPXODWLRQVRIELWLQJDPRQJQRUPDODQGDUWLILFLDOO\
GHIRUPHGPRGHUQKXPDQV3URFHHGLQJVRIWKH(XURSHDQ6RFLHW\IRUWKH6WXG\RI
+XPDQ(YROXWLRQ


7RUR,EDFDFKH9$ILQLWHHOHPHQWVWXG\RIWKHKXPDQFUDQLXPWKHLPSDFWRI
PRUSKRORJLFDOYDULDWLRQRQELWLQJSHUIRUPDQFH3K''LVVHUWDWLRQ+XOO<RUN
0HGLFDO6FKRRODQG8QLYHUVLW\RI<RUN
7RUR,EDFDFKH9=DSDWD0XxR]92¶+LJJLQV37KHSUHGLFWDELOLW\IURPVNXOO
PRUSKRORJ\RIWHPSRUDOLVDQGPDVVHWHUPXVFOHFURVVVHFWLRQDODUHDVLQKXPDQV7KH
$QDWRPLFDO5HFRUG±
7RUR,EDFDFKH9)LWWRQ/&)DJDQ0-2¶+LJJLQV3D9DOLGLW\DQGVHQVLWLYLW\RI
DKXPDQFUDQLDOILQLWHHOHPHQWPRGHOLPSOLFDWLRQVIRUFRPSDUDWLYHVWXGLHVRIELWLQJ
SHUIRUPDQFH-RXUQDORI$QDWRP\±
7RUR,EDFDFKH92¶+LJJLQV3E7KHHIIHFWRIYDU\LQJMDZHOHYDWRUPXVFOHIRUFHVRQ
DILQLWHHOHPHQWPRGHORIDKXPDQFUDQLXP7KH$QDWRPLFDO5HFRUG±
7RUR,EDFDFKH9=DSDWD0XxR]92¶+LJJLQV3F7KHUHODWLRQVKLSEHWZHHQVNXOO
PRUSKRORJ\PDVWLFDWRU\PXVFOHIRUFHDQGFUDQLDOVNHOHWDOGHIRUPDWLRQGXULQJELWLQJ
$QQDOVRI$QDWRP\$QDWRPLVFKHU$Q]HLJHU±
7ULQNDXV(D7KH1HDQGHUWDOIDFHHYROXWLRQDU\DQGIXQFWLRQDOSHUVSHFWLYHVRQD
UHFHQWKRPLQLGIDFH-RXUQDORI+XPDQ(YROXWLRQ±
7ULQNDXV(E%RGLHVEUDZQEUDLQVDQGQRVHVKXPDQDQFHVWRUVDQGKXPDQSUHGDWLRQ
,Q1LWHFNL01LWHFNL'(GV7KH(YROXWLRQRI+XPDQ+XQWLQJ6SULQJHU1HZ
<RUNSS±
7ULQNDXV(1HDQGHUWDOIDFHVZHUHQRWORQJPRGHUQKXPDQIDFHVDUHVKRUW
3URFHHGLQJVRIWKH1DWLRQDO$FDGHP\RI6FLHQFHVRIWKH8QLWHG6WDWHVRI$PHULFD
±
:HDYHU7'6WULQJHU&%8QFRQVWUDLQHGFUDQLDOHYROXWLRQLQ1HDQGHUWDOVDQG
PRGHUQKXPDQVFRPSDUHGWRFRPPRQFKLPSDQ]HHV3URFHHGLQJVRIWKH5R\DO
6RFLHW\%%LRORJLFDO6FLHQFHV


:HDYHU7'5RVHPDQ&&6WULQJHU&%:HUH1HDQGHUWDODQGPRGHUQKXPDQ
FUDQLDOGLIIHUHQFHVSURGXFHGE\QDWXUDOVHOHFWLRQRUJHQHWLFGULIW"-RXUQDORI+XPDQ
(YROXWLRQ±
:LQWHUWRQ57KH+XPDQ7LVVXH$FW(WKLFDO$SSURYDO([FHSWLRQVIURP
/LFHQVLQJDQG6XSSO\RI,QIRUPDWLRQDERXW7UDQVSODQWV5HJXODWLRQV7KH
6WDWLRQHU\2IILFHU/LPLWHG
KWWSZZZOHJLVODWLRQJRYXNXNVLSGIVXNVLBBHQSGI
:LW]HO89LUWXDOV\QWKHVLVRIWKHVNXOOLQ1HDQGHUWKDOVE\)(66,Q&RQGHPL6
:HQLJHU*&(GV&RQWLQXLW\DQG'LVFRQWLQXLW\LQWKH3HRSOLQJRI(XURSH±

:ROII-$$WKHRUHWLFDODSSURDFKWRVROYHWKHFKLQSUREOHP,Q&KLYHUV':RRG
%%LOVERURXJK$(GV)RRG$FTXLVLWLRQDQG3URFHVVLQJLQ3ULPDWHV6SULQJHU
%RVWRQSS±
:ROSRII0+&OLPDWLFLQIOXHQFHRQVNHOHWDOQDVDODSHUWXUH$PHULFDQ-RXUQDORI
3K\VLFDO$QWKURSRORJ\±
:URH6)HUUDUD7/0F+HQU\&5&XUQRH'&KDPROL87KH
FUDQLRPDQGLEXODUPHFKDQLFVRIEHLQJKXPDQ3URFHHGLQJVRIWKH5R\DO6RFLHW\%
%LRORJLFDO6FLHQFHV±
<RNOH\75(FRJHRJUDSKLFYDULDWLRQLQKXPDQQDVDOSDVVDJHV$PHULFDQ-RXUQDORI
3K\VLFDO$QWKURSRORJ\±
<RNOH\7+ROWRQ1)UDQFLVFXV5&KXUFKLOO67KHUROHRIERG\PDVVLQWKH
HYROXWLRQRIWKHPRGHUQKXPDQQDVRIDFLDOVNHOHWRQ3DOHRDQWKURSRORJ\$±$
=LQN.'/LHEHUPDQ'(,PSDFWRIPHDWDQG/RZHU3DODHROLWKLFIRRGSURFHVVLQJ
WHFKQLTXHVRQFKHZLQJLQKXPDQV 1DWXUH±



)LJXUHFDSWLRQV

)LJXUH0HDVXUHPHQWRIPXVFOHLQOHYHUDUPVJUH\VROLGOLQHVFRQQHFWLQJSRLQWVLQGLFDWLQJ
HVWLPDWHGFHQWUHVRIDWWDFKPHQWRIWHPSRUDOLVPDVVHWHUDQGPHGLDOSWHU\JRLGDQGWKHLQFLVRU
RXWOHYHUDUPEODFNVROLG OLQH LQHomo sapiens7KH LQOHYHUDUPVZHUHFDOFXODWHGDV WKH
SHUSHQGLFXODUGLVWDQFHIURPWKHIXOFUXPWRWKHUHVSHFWLYHPXVFOHOLQHRIDFWLRQJUH\GRWWHG
OLQHV 7KH RXWOHYHU DUPV ZHUH FDOFXODWHG DFFRUGLQJ WR 2¶&RQQRU HW DO  DV WKH
SHUSHQGLFXODUGLVWDQFHIURPWKHIXOFUXPWRWKHYHFWRURIWKHELWHIRUFHDSSOLHGEODFNGRWWHG
OLQH 7KH KROORZ WULDQJOH LQGLFDWHV WKH FRQVWUDLQW DW WKH JOHQRLG IRVVDH ZKHUH WKH MRLQW
UHDFWLRQIRUFHV)FZHUHFDOFXODWHGWKHVROLGWULDQJOHUHSUHVHQWVWKHFRQVWUDLQWDWRQHRIWKH
WKUHHGLIIHUHQWELWHSRLQWVOHIWFHQWUDOLQFLVRUZKHUHWKHELWHIRUFH)EZDVFDOFXODWHG

)LJXUH5HFRQVWUXFWLRQRIWKH%URNHQ+LOOFUDQLXP5HGDUHDVUHSUHVHQWVWUXFWXUHV
RULJLQDOO\SUHVHQWDQGWUDQVOXFHQWJUH\UHSUHVHQWVUHFRQVWUXFWHGDQDWRPLFDOVWUXFWXUHV

)LJXUH6WUDLQFRQWRXUSORWVRIWKHVROYHG)(PRGHOVHomo heidelbergensis%URNHQ+LOO
DQGHomo sapiens$H. sapiens%%URNHQ+LOOZLWKVWUDLQVXQVFDOHG&%URNHQ+LOOZLWK
VWUDLQVVFDOHGDFFRUGLQJWRPXVFOHIRUFHDQGVL]HIDFLDOVXUIDFHDUHDGLIIHUHQFHV'%URNHQ
+LOOZLWKVWUDLQVVFDOHGDFFRUGLQJWRELWHIRUFHDQGVL]HIDFLDOVXUIDFHDUHD

)LJXUH6WUDLQVH[SHULHQFHGE\WKH)(PRGHOVDWWKHVDPSOLQJSRLQWVILUVWURZLQFLVRU
ELWHVVHFRQGURZSUHPRODUELWHVWKLUGURZIRXUWKSUHPRODUILUVWPRODUELWHV)LUVWDQGWKLUG
SULQFLSDOVWUDLQVDUHVKRZQSRVLWLYHDQGQHJDWLYHYDOXHVLQHDFKSORWUHVSHFWLYHO\,QWKHOHIW
KDQGFROXPQWKHVWUDLQVDUHXQVFDOHGLQWKHPLGGOHFROXPQWKHVWUDLQVRYHU%URNHQ+LOO


ZHUHVFDOHGWRDFFRXQWIRUGLIIHUHQFHVLQPXVFOHIRUFHVDQGVXUIDFHDUHDVRIWKHIDFHLQWKH
ULJKWKDQGFROXPQWKHVWUDLQVRYHU%URNHQ+LOOZHUHVFDOHGWRDFFRXQWIRUGLIIHUHQFHVLQELWH
IRUFHVDQGVXUIDFHDUHDVRIWKHIDFH

)LJXUH3ULQFLSDOVWUDLQPDJQLWXGHVDQGGLUHFWLRQVRIİDQGİLQHomo sapiensDQG
%URNHQ+LOOXQGHUGLIIHUHQWVLPXODWHGELWHVRYHUWKHDUHDGHOLPLWHGE\WKHIRXUODQGPDUNV
VKRZQRQWKHFUDQLDLQURZ&ROXPQLGHQWLILHVHDFKRIWKHVLPXODWHGELWHVODVWURZ
GHSLFWVIRXUWKSUHPRODUELWHIRU%URNHQ+LOODQGILUVWPRODUIRUH. sapiens7KHUHVXOWVIRUH. 
sapiensDUHSUHVHQWHGLQFROXPQİDQGİ7KHUHVXOWVIRU%URNHQ+LOODUHSUHVHQWHGLQ
FROXPQİDQGİ

)LJXUH6L]HDQGVKDSHDQDO\VLVRIPRGHVDQGPDJQLWXGHVRIGHIRUPDWLRQRIWKHPRGHOV
ZLWKWKHPDJQLWXGHVRIGHIRUPDWLRQRI%URNHQ+LOOVFDOHGDFFRUGLQJWRWKHUDWLRRIELWHIRUFHV
DQGWKHLQYHUVHRIWKHUDWLRRIIDFLDOFHQWURLGVL]HV5HIHUHQFHFUDQLXPXVHGIRUZDUSLQJVLV
WKHPHDQXQORDGHGFUDQLXPFDOFXODWHGIURPWKHXQORDGHGFUDQLDRI%URNHQ+LOODQGHomo 
sapiens$6L]HDQGVKDSH3&$SORWZLWKZDUSLQJVRIGLIIHUHQWORDGFDVHVRIH. sapiens
UHODWLYHWRWKHPHDQXQORDGHGPRGHO%6XUIDFHZDUSLQJVZLWKWUDQVIRUPDWLRQJULGVORFDWHG
DWWKHQDVDOFDYLW\ILUVWURZ]\JRPDWLFDUFKHVVHFRQGURZDQGPLGOLQHWKLUGURZ
LOOXVWUDWLQJWKHGLIIHUHQFHVLQGHIRUPDWLRQGXHWRELWLQJEHWZHHQORDGHG%URNHQ+LOO
UHIHUHQFHDQGORDGHGH. sapiensWDUJHWVHHGRWWHGDUURZUHSUHVHQWLQJWKHGLIIHUHQFHLQ
PRODUELWHV7KHVHGHIRUPDWLRQVDQGVRWKHJULGVDQGZDUSHGVXUIDFHVDUHH[DJJHUDWHGE\D
IDFWRURIî


